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ABSTRACT 
Goodyear Aerospace Corporation (GAC) has developed a cryogenically cooled multipur - 
pose (photometric and polarimetric), five-color (U-B-V-R-I) photometric system and per - 
formed photometric Qbservations on the Echo I, PAGEOS I, Echo II, and Explorer XM: satel- 
l i tes during four observation periods. 
r .  
The new photometric-polarimetric system has been shown to be an accurate as well as 
a versatile instrument during the various observation periods. 
Multicolor photometric and polarimetric observations indicate that the aluminized Mylar 
satellites, Echo I and PAGEOS I, degrade very slowly, if  at all, in the space environment. 
Echo I, which has been in  orbit for almost eight years, has shown little change in i t s  optical 
properties until the last observation period. The slight diminishing in the reflectance and 
specularity obtained photometrically then may be correlated with the satellite's interaction 
with the earth's upper atmosphere. 'The PAGEOS I satellite has shown negligible change in 
its optical properties; the slight variations that have been indicated have not followed any con- 
sistent trend and are within the limits which might reasonably be expected from variations in 
atmospheric conditions and other factors involved. Multicolor photometric and polarimetric 
observations of the Echo I1 satellite performed thus far have shown considerable variation 
from laboratory measured values for Alodine in air; however the meaning of this is not yet 
clear. Additional data taken during the next observation period should go far toward resolv- 
ing the questions raised by Echo 11 concerning i t s  t rue ra te  of degradation in the space envi- 
ronment. V-band observations performed on the Explorer XIX satellite indicate that the 
present optical and physical properties are close to prelaunch design values. The informa- 
tion contained in the Explorer XIX observational data on spin rate and other characteristics 
strongly attest to the potential capability of this method of measurement of orbiting satellite 
characteristics. 
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The new photometric-polarimetric system has been shown to be an accurate as well as 
The four series of observations performed under the present contract, using the NASA 
a versatile instrument during the various observation periods. 
Mobile Satellite Photometric Observatory and the two photometric heads, (U-B-V and U-B- 
V-R-I) are as follows: 
(1) Summer, 1966, at Palomar Mt., California; U-B-V photometric observations on 
Echo I 
(2) Winter, 1967, at Phoenix and Yuma, Arizona; U-B-V-R-I photometric and polar- 
imetric observations on Echo I, PAGEOS I, and Echo 11 
(3) Summer, 1967, at Akron, Ohio; U-B-V photometric observations on Echo I, 
PAGEOS I, Echo 11, and Explorer XM 
(4) Autumn, 1967, at Akron, Ohio; U-B-V-R-I photometric observations on Echo I, 
PAGEOS I, and Echo II 
Multicolor photometric and polarimetric observations indicate that the aluminized Mylar 
satellites, Echo I and PAGEOS I, degrade very slowly, if  at all, in the space environment. 
Echo I, which has been in orbit for almost eight years, has shown little change in i t s  optical 
properties until the last observation period. The slight diminishing in the reflectance and 
specularity obtained photometrically then may be  correlated with the satellite's interaction 
with the earth's upper atmosphere. The PAGEOS I satellite has shown negligible change in 
be expected from variations in 
ward resolv- 
present optical and The informa- 
characteristics 
INTRODUCTION 
based photometric system for evaluation it. This contract was 
preceded by other contracts beginning in 1964. The first effort, covered under NAS 1-3114, 
tometer on a 3 
Amendment 5 ,  pho - 
nce 1). 
The second contract (NAS 1-4669) was a 6-month program definition study for eval- 
uating satellite materials by ground-based photometry. 
development and fabrication of a 24-inch mobile photometric observatory for NASA (Contract 
NAS 1-5580, Reference 2). The initial photometric instrumentation was limited to the U, B, 
and V s p  nds 
Passive Sat 
This study was followed by the 
The objectives of the present effort, as 
NAS 1-6436 are to: 
(1) Extend the capability of the photoelectric photometer (constructed under Contract 
NAS 1-5580), from a single channel U-B-V device to a four channel U-B-V-R-I 
device 
(2) Determine for the PAGEOS I, Echo I, Echo II, and Explorer XIX satellites by use 
of photoelectric photometry 
(a) Satellite stellar magnitude, solar reflectivity, and specular component of re- 
flected light as a function of wavelength 
(b) Satellite diameter and local variations in  radius of curvature 
(3) Determine and compare the degree of polarization of the reflected solar radiation 
from the Echo II satellite with that from PAGEOS and Echo I 
This final report summarizes the work performed, the results from the satellite obser- 
vations, and the general conclusions to be drawn from this effort. Other items delivered as a 
part of this contract are: 
( I )  Drawings and microfilm copies of drawings of the new mobile photometric observa- 
tory equipment 
(2) A revised Operations and Maintenance Manual for the mobile photometric observa- 
sed for satelli ions and data reduct 
u s e r s  manual for the ni er s li 
ab0 
rt. 
2 
SYMBOLS 
A 
A 
SP 
A3 
antilog 
B 
Bd 
B-V 
b 
b-v 
D 
d 
Ed 
ES 
E SP 
EO 
F 
f( $1 
angstrom unit, 10-l' meters  
weighting coefficient for specu- 
lar reflection 
constant 
antilogarithm operator: the 
number corresponding to the 
base 10 logarithm te rm which 
follows 
blue band-pass filter stellar 
magnitude, standard system* 
weighting coefficient for dif-  
fuse reflection 
B-V standard system color in- 
dex, stellar magnitudes* 
blue band-pass filter stellar 
magnitude, natural system 
b-v natural system color index, 
stellar magnitudes 
slant range, distance from sat- 
ellite to observer, feet 
galvanometer deflection, inches 
(target + sky + dark) - (sky + 
dark) 
GX 
HX 
'max 
Imin 
I1 
I2 
'2A 
JX 
KX 
k 
k' 
k" 
M 
m 
diffuse component of illumi- P 
nance 
solar illuminance on the satel- 
lite 
specular component of illumi- R 
nance 
illuminance value at zero stel- 
P 
mag 
p% 
RC 
lar magnitude R-I 
standard e r r o r  of estimate 
Russell phase function 
r -i 
the function (1 - k;-b X) 
the function (1 - k;-i X) 
maximum light intensity compo- 
nent 
minimum light intensity compo- 
nent 
measured light intensity compo- 
nent 
measured light intensity of per- 
pendicular component 
adjusted I2 
the function (1 - qmV X) 
the function (1 - k" X) 
constant 
primary atmospheric extinction 
coefficients 
second-order atmospheric extinc- 
tion coefficients 
mean value 
stellar magnitude 
degree of polarization 
polarization magnitude 
percent polarization 
satellite radius, feet 
radius of curvature, feet 
R-I standard system color index, 
stellar magnitudes* 
r-i natural system color index, 
stellar magnitudes 
v-r 
* 
Always extra-atmospheric; values for standard stars are obtainable from References 4, 5, 
and 6. 
' 3  
S 
U 
U-B 
U 
u-b 
V 
V-R 
V 
v-r 
X 
photometer gain, stellar mag- 
nitude units S = 2.5 loglo (pho- 
tometer gain factor) ; also, 
visual band-pass filter stellar 
magnitude, standard system* 
V-R standard system color in- 
dex, stellar magnitudes* 
visual band-pass filter stellar 
magnitude, natural system 
v-r natural system color index, 
stellar magnitudes 
atmospheric thickness, 
( z  secant z) 
coefficients in  quadratic equa- 
tion 
angular distance from zenith 
c angle between earth- 
arth- satellite vectors, 
calibration zero-point term, 
stellar magnitude units 
on scale fac- 
SY s ansformation scale fac- 
tor, V-R determination 
system transformation scale fac- 
tor R-I determination 
system transformation scale fac- 
tor, U-B determination; also, 
phase angle between satellite-sun 
vector and satellite-observer vec- 
tor, radians 
Subscripts 
B denotes blue band data, standard 
system 
b denotes blue band data, natural 
system 
denotes b-v color index data b-v 
d denotes diffuse values 
f denotes a function 
I denotes infrared band data, stand- 
ard system 
i 
m denotes stellar magnitudes 
4 
0 denotes extra-atmosphere value t 
(i. - e. ,  extrapolated to X = 0 
U 
a denotes solar m a  
R denotes red band data, stand- U 
a r d  system 
denotes radius of curvature u-b denotes u-b color index data 
RC 
r 
r -i 
S 
S 
SP 
denotes red band data, natural 
system 
V 
denotes r-i color index data V 
denotes specularity value 
denotes solar value 
denotes specular value 
v-r 
1, 20 
denotes visual band data, stand- 
ard system 
denotes visual band data, natu- 
ral system 
denotes v-r color index data 
denotes S-1, 5-20 photocathode re 
spectively when used with V or  v 
bands 
Note: a bar above a symbol denotes 
mean value 
THEORY 
Photometry 
The use of multicolor photometry to obtain high accuracy observations of stars,  planets, 
nebulae, etc., has expanded rapidly in the past decade. Basically the same techniques which 
have been developed for stellar photometry have been incorporated into satellite photometry. 
These include use of 
The "standard system"; i. e. , response functions (similar photomultipliers, filters, 
etc.), method of data redFtion; i. e., transformation to the standard system, use 
of standard stars, etc., as described in References 5 and 6; 
good-to-excellent observation sites correlated to the season of the year; 
high speed computers to reduce the data; 
aids such as plots, tables, etc., in order to obtain the most accurate set of cali- 
bration coefficients from a series of stellar obqervations; 
independent observations of standard stars to determine the accuracy of the 
telescope-photometer system. 
The method of stellar calibration has been described in detail for the U-B-V spectral 
regions in References 3 and 7 and will only be discussed briefly here. The theory was ex- 
panded to include the V-R-I bands during the present contract and measurements were made 
in these bands during the observation periods reported herein. The theory utilized for ob- 
taining satellite optical and physical properties i ed in subsequent sections. 
5 
Stellar calibration. - The method of stellar calibration includes three separate types of 
observations of standard stars in the various spectral regions and uses  six separate computer 
programs to reduce the data. The equations and description of techniques use 
transformation and calibration parameters  are basically the same as given by Hardie (Refer- 
ence 7). The three calibration programs provide the following parameters: 
(1) Second order Extinction Coefficients 
(2) Transformation Scale Factors  
€ 9  EL, $, P, u,  7 
(3) Primary Extinction Coefficients and Zero-Point Terms 
Satellite photometry. - 
General: From careful observations of the intensity of sunlight reflected from a spheri- 
cal artificial satellite, various inferences can be drawn concerning the present condition of its 
surface. For instance, the extent to which an initially specular reflecting surface has been de- 
graded can be determined, as well  as values of the mean and local effective radii of curvature 
of the satellite. In general, the following parameters  may be obtained through the use of a 
ground-based photometric system: (1) stellar magnitude (normalized) ; (2) specularity and dif- 
fusivity of the surface of a satellite; (3) mean and local radii of curvature; and (4) reflectance, 
i f  radius of curvature is assumed. In this report the specular component of reflected light is 
called specularity. It is expressed as a percentage of the total reflected light. 
Stellar magnitudes: Having previously determined the 22 extinction-calibration-trans- 
formation constants from the various stars used in the calibration programs, the extra- 
atmospheric stellar magnitudes of the various satellites may be determined. Equations (1) 
through (6) reduce the satellite photometric observations from their raw data galvanometer 
deflections and the separately determined zenith distances to the standard system U-B -V-R-I 
magnitudes and color indices. 
I ,-I r 
v20 = is - 2.5  log (d ’I - k’ X + c(B-VZO) + 5, i v20 v2ob v20 20 
V1 = [syl - 2 . 5  log (dvlj] - k;? + p(Vl - R) + < 
v1 
(4) 
6 
d 
V1 - R = .*[(9.1 - 8') - 2.5 log (?)I - ok' v1 X + S v1 - r 
The t e rms  are defined in  the list of symbols. 
This particular operation computes not only the stellar magnitude and phase angle of the 
satellite but also prints out such coordinates as slant range, height, altitude, azimuth, right 
ascension, declination, etc. for each time. In addition, the computer incorporates such cor- 
rection factors as normalization of each observed intensity to a uniform slant range; =. , 2640 
statute miles for PAGEOS I, 1000 statute miles for Echo I and 11, and allawance for the contri- 
bution of earth albedo. 
Normalized slant range: Normalization of the photometric data to a uniform range is ac- 
complished by applying the inverse square law of illumination to the illuminances, first having 
determined the satellite's slant range at observation time. Satellite photometric data must be 
normalized for the instantaneous slant range from the observer before a meaningful analysis 
can be made. The instantaneous slant range is computed for the t imes at which photometric 
data was taken from an accurate ephemeris of the satellite. It should be noted that a one- 
percent e r r o r  in slant range will propagate an e r r o r  of 0.02 in the normalized stellar mag- 
nitude. 
Contribution of earth albedo: The correction for the contribution of the earth's albedo 
(earthshine) for a specular spherical satellite is a function of the satellite's orbital height and 
geocentric angle CY (elongation) from the sun. The adjusted increment must then be applied as 
a correction to the reduced stellar magnitude of a near-specular spherical satellite before pro- 
ceeding to determinations of effective radii of curvature and reflectance, and to the degree of 
specularity of the surface. 
Satellite stellar magnitude at various effective wave length% The satellite stellar magni- 
tudes may be determined in the U or  near-ultraviolet band (3600 A), B o r  blue band (4400 A), 
V or  visual band (5500 A), R o r  red band (7000 A), and I or  near-infrared band (9000 A). The 
specular illuminance (ESP) of the radiation received in the U, B, V, R, o r  I spectral regions 
(depending on which spectral region is switched in at a given time) is given by: 
- -  ESP - antilog (-0.4 m ) = 
EO SP (7) 
Using this equation, the extra-atmospheric stellar magnitude, map, for the specular 
component of a satellite can be determined. The stellar magnitudes for the diffuse spherical 
satellite are given by: 
where 
Ed = antilog (-0.4 md) = 3 2 E;; s (B; R'i2 f(+) 
% 
7 
Determination of specular component of light reflected from a sphere's surface: The 
specular spherical satellite has a convex mi r ro r  surface that provides a small image reflec- 
tion of the sun, equal in brightness regardless of the viewing angle. Conversely, a diffuse 
sphere in sunlight exhibits phases like the moon o r  Venus. The integrated light from the dif- 
fuse sphere is a function of the phase angle I c f ,  which is the angle formed at the satellite be- 
tween lines to the sun and the observer. The phase angle is zero when the phase is full. The 
illuminance of the diffuse sphere increases as the phase angle decreases to the limit at the 
eclipse. 
To determine the specularity of a satellite, photometric measurements are made over a 
wide range of phase angles. For moderate orbit inclinations these phase angles can be meas- 
u r  ed during single passes, when the satellite orbit has reached approximately the coplanar 
condition. For a polar-orbiting satellite, the range in phase angle during a single pass is 
limited, requiring the combination of carefully calibrated data from various passes to achieve 
the desired span of phase range. 
The essential background and theory for the specularity determination is shown in Equa- 
tions ( 7) and ( 8 )  (from R. Tousey, References 8 and 9) .  These equations make possible 
the prediction of the extra-atmospheric stellar magnitudes, m, of specular and diffuse spheri- 
cal satellites. The Russell phase function, f(+), (Reference 10) gives the dependence of illu- 
minance upon phase angle for a perfectly diffuse sphere that obeys Lambert's cosine law of 
reflection. (This law states that the reflection from a small area is proportional to the 
cosine of the angle between the normal and the direction to the observer. ) These equations 
provide for photometric discrimination between specular and diffuse spherical reflecting 
surfaces. How closely the photometric data conforms to one o r  the other must be deter- 
mined. 
Equation (9) (from Reference 11) is the regression equation that permits this determiqa- 
tion, where Asp and Bd are the weighting factors for the specular and diffuse components, re- 
spectively, of the reflected light. They are determined by a least-squares best fit to the nor- 
malized photometric data. Finally, Equation (10) (also from Reference 11) provides the frac- 
tional specularity . 
The regression equation for determining specularity is: 
where 
1 2 
4 s p 3 d  antilog ( -0.4 m) = - A  + -  B f($) 
specularity, S = A + B d  
SP 
sin IC) + (n - $) COS q, 
(9) 
Before the analysis can proceed, the photometric data must be carefully calibrated and 
The photometric data is then processed and the at- 
normalized. Observ tions of nonvariable stars of known illuminance are generally performed 
both before and afte 
mospheric extinction coefficients are determined. Simultaneously with the tracking of the 
satellite, the following information is time-correlated with the photometric data: 
he satellite pass. 
(1) Elevation (atmospheric thickness) 
(2) Slant range 
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(3) Earthshine (effect of earth albedo) 
(4) Phase angle 
The calibrated photometric data is then processed for extra-atmospheric illuminance, 
normalized to zero earthshine and to a uniform slant range by the inverse square law. 
least-squares solution of the linear regression Equation (9) yields best-fit values for the in- 
tercept Asp and the slope Bd, which are then employed in Equation (10) to determine specu- 
larity. 
Mean and local radii of curvature: While the satellite's specularity is a microtexture 
A 
characteristic, the mean and local radii of curvature of a nearly spherical satellite describe 
its size and macrotexture. 
Having previously determined the diffuse-reflecting weighting coefficient, Bd, it is pos- 
sible to remove from the normalized magnitudes the contribution of diffuse reflection in each, 
-2 .5  log 2/3 Bdf($), to obtain purely specular magnitudes, msp. If a reasonable o r  previously 
measured value for the reflectance, y, is adopted, the radius of curvature can next be deter- 
mined in any optical band from the relation: 
m - m  
0 s p  Rc (ft) = antilog - 0 . 5  log Sy + log D + 0.30103 
where m, is the U, B, V, R, or I magnitude of the sun for the date; D is the slant range in feet; 
Rc is the radius of curvature in feet; msp is the extra-atmospheric stellar magnitude contrib- 
uted solely by the specular components of sunlight reflected from the satellite; and y is the total 
reflectance. 
may be obtained only i f  the other is known. 
Since the observed illuminances depend on both y and Rc in Equation (ll),  one 
From Equation (11) the mean radius of curvature may be obtained from a large number 
of observations of the local radii of curvature. The range and variability of the local radius 
of curvature may be examined in light of the original design and available material for gross 
implications for a possible new mean radius of curvature. 
Determination of reflectance if  a radius of curvature is assumed: By solving Equation 
(11) for y,  one may obtain the reflectance for an assumed radius of curvature. The equation 
for this value is 
m - m  ' ( 2 . 5  sp - 2 log Rc + 2 log D + 0.60206 -1 y = S antilog 
As before, this refers to all five colors (U-B-V-R-I) when the values of msp are known. 
The sun's visible radiation is constant in output to within one percent, but owing to the 
eccentricity of the earth's orbit, the sun's illuminance upon an earth satellite varies. For ex- 
ample, the sun's visual band stellar magnitude varies from -26.70 i n  early July to -26.78 in 
January. The corresponding distances are approximately 94.5 X lo6 miles in July and 91.5 
X lo6  in January. These minor variations in magnitudes with the distance of the sun will be 
reflected in  corresponding variations in  the magnitudes for sunlit satellites, and for subse- 
quent determinations of the satellite's effective radius of curvature, o r  U, B, V, R, o r  I re- 
flectance, the instantaneous U, B, v, R, o r  I salar magnitude is required. 
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For each specularity determination a "figure of merit" is computed as: 
This expression increases with the number of data points and the range of phase angles observed 
and decreases with increased target scintillation. 
Polarimetry 
The degree of polarization is defined aq: 
= (Imax - Imin) , 
Imax + Imin 
The percent polarization is 100 P. The degree of polarization can be determined from the data 
reduction equation. 
where  
= P COS (277 - kp) + A3 '1 - '2A 
'1 + '2A 
k = 2 for rotating instrument head (Wollaston prism) 
k = 4 for rotating half-wave plate 
The polarimetric data were corrected for  systematic e r r o r s  and reduced according to 
this  equation which is developed in  the computer program manual. The adjusted values of I2 are 
determined by fitting a quadratic equation to the ratios of 11/12 for each pre  and post calibra- 
tion nonpolarized star and by multiplying the polarized star and satellite values of 12 by the 
quadratic equation determined from the weighted average values of quadratic coefficients. 
That is, 
'2A z1 + z2p + z3p (15) 
where Z1, Z , Z3 are the quadratic coefficients and p the various positions of the Wollaston 
prism or half-wave plate. This adjusted value of I2 compensates for the factor dependence 
of the intensity for each position of the Wollaston p r  P s m  o r  half-wave plate and the term A3 
compensates for any constant offset between photomultipliers. 
The computed degree of polarization is converted to the polarization magnitude by the 
equation (Reference 12): 
-1 max Imin ) 'mag Imax Imin 
for P < 1 
= 2.17 tan h-l  P = 2.17 tan h [ 
10 
where P is defined as 
mag 
The resulting polarization magnitude values for the polarized stars were compared with 
the published values in the Alfred Behr Catalog (Reference 12) and the percent-probable e r r o r  
of P was considered to be a measure of the accuracy of each value. . 
DEVELOPMENT OF EXTENDED RANGE (u-B'-V-R-I) INSTRUMENTATION SYSTEM 
General 
One of the main tasks specified and carried out under this contract was the development 
and installation of a new extended range instrumentation qapability in accordance with Section 
3 . 3  of the contract work statement. The new system checkout and acceptance was carried 
out in accordance with Sections 4.1 and 4.2 of the work statement and an operation and main- 
tenance manual was provided. 
In general, the guidelines provided in the work statement proved sufficient to define the 
system, although subsequent meetings with the NASA project director and project office per- 
sonnel during the conceptual design phase served to refine and more specifically direct the 
system concept toward its ultimate objectives. These provided a high data gathering capabil- 
ity, operating speed and flexibility for an increased level of compatibility with the character- 
istic requirements for satellite measurement inherent in the relatively short observation 
periods available during a typical pass. 
In order to insure optimum design concepts, a careful period of combined preliminary 
configuration studies and consultations preceeded the establishment of the final design charac- 
teristics. Advice was enlisted from the leading astronomers engaged in photometric work. 
Dr. W A. Hiltner of Yerkes Observatory was retained as a consultant. In the final phase of 
concept formulation, Dr. Hiltner was brought to Akron to work with the GAC engineers in- 
volved. NASA project personnel also joined in these sessions. As a result, the concept de- 
veloped proved to be remarkably sound. Very few changes of any kind were required during 
the design process and subsequent phases, and the formulated objectives were entirely ful- 
filled. 
One conspicuous exception to lack of change required occurred in the case of the cooling 
system for the photomultipliers. While many portions of the original cryogenic system were 
satisfactory, and other parts were nearly so; nevertheless, there were several shortcomings 
which were sufficiently serious as to render the system unsatisfactory. Accordingly, a re- 
design of portions of the cryogenic system was undertaken and the modifications carried out 
subsequent to  the first observation interval with the new system. The modified system was 
utilized for the subsequent observation intervals. 
The entire new five-color, four-channel instrumentation system with the final cryogenic 
system has demonstrated full compliance with all objectives, high performance capability and 
operational flexibility, and displays smooth operating characteristics which signify the attri- 
butes of a truly sound high quality system. 
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Objectives 
The system objectives that finally evolved from the initial concept development processes, 
and corresponding features incorporated in the design were as follows: 
A capability for very rapid data acquisition compatible with the short viewing t imes 
typically characteristic of satellites (a matter of minutes). 
A capability for working in  a variety of optical color bands ranging well beyond both 
ends of the visible spectrum (from . 3  to 1 p). 
A sensitivity in  all modes capable of working down to very faint satellites (8 to 10th 
magnitudes). 
An ability to handle high frequency scintillations giving very noisy signals by use of 
a variable signal integrating mode. 
A capability for making accurate polarimetric measurements (as well as plain photo- 
metric) with all the above listed attributes. 
A capability for continuous measurements in any two upper and lower region colors 
simultaneously. 
An ability to subtract out the sky background continuously. 
A versatility to use practically any combination of operating modes and to employ a 
wide variety of wide and narrow band filter combinations. 
The system achieves a remarkable degree of versatility in  providing all these features 
and capabilities. It does this by utilizing four photometric signal channels (each with its own 
photomultiplier) simultaneously, and an optical system which delivers the light gathered by 
the telescope to each channel in the proper manner corresponding to the various operating 
modes. Its operation is fully controlled and monitored from the operator's instrumentation 
control console in the forward compartment, where the separate photometric signals are also 
further processed, monitored, and recorded. The optical system can be set in the various 
operating configurations in a matter of seconds by means of external controls on the unit and 
in the instrument room. The manner in which these provisions are made and how they oper- 
ate is described in detail in later sections. In addition, the cryogenic system which is neces- 
sary to satisfy the system requirements, along with associated optical path window heaters 
and other accessories a r e  also discussed in later portions of this section. 
Concept Development 
The basic features of the system, including the use of paired channels, were a part of 
the initial concept and were specified in the contract work statement. 
cluded: 
These features in- 
(1) Use  of paired channels in each spectral region to separate sky background and po- 
larization components. 
(2) Use  of filter wheels (or equivalent) to measure 3 o r  more color bands in each of 
these spectral regions. 
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Use of 2 sets of these paired Channels to permit coverage of 2 spectral regions with 
the U, B, and V bands in one and V, R, and I bands in the other. (This meant a total 
of 4 channels.) 
Utilization of this full 4 channel, 5 color U-B-V-R-I capability for either straight 
photometric measurement with sky background removed, o r  for polarimetric meas- 
ur  ement . 
An electromagnetically shielded and thermally controlled environment to enhance 
performance of each of the 4 photomultipliers. 
An efficient optical system with protection from contamination, antidewing provi- 
sions, high transmissivity and/or reflectance, etc. 
Efficient sensor system with high quality photomultipliers and filters for each spec- 
tral measur em ent region. 
Efficient electronic signal processing system with suitable pre-amplifiers at the 
photomultiplier outputs. 
Stable power supplies and other elements as required to insure proper precision 
performance of the sensors  and signal processing elements of the system. 
Effective monitoring and control provisions to promote flexibility and efficiency in 
operating the system so as to fully utilize its other capabilities. 
Adaptability for later incorporation of additional capabilities, such as extension to 
the 1 to 3 o r  8 to 14 micron wavelength regions. 
Most of the above features were incorporated into the ear ly  design concepts without dif- 
ficulty, but some proved more challenging and resulted in concentration of effort toward ar- 
rangements that would 
(1) Minimize the light loss in the optics, primarily by reducing the required number of 
optical surfaces to a minimum. 
(2) Provide a full, highly efficient polarimetric capability. 
(3) Obtain maximum flexibility for various measurement modes, and maximum oper- 
ational facility for quickly and easily converting from one mode to another. 
The design concept for the system was strongly influenced by consideration of the most 
advanced high performance photometric instrumentation systems developed and used at lead- 
ing astronomical observatories carrying out precision photometric and polarimetric work. 
Especially attractive, in te rms  of our objectives, were the features incorporated into the 
latest system developed by Dr . Hiltner of Yerkes Observatory, which incorporated clever 
effective means for noise cancellation in  sensitive polarization measurement of stars. . 
These influences were instrumental in directing the concept toward the basic arrange- 
ment shown schematically in Figure 1. One of the main problems was that of deciding how 
best to provide efficient polarization component separation over the entire wavelength range 
oE the system (0.31 to 1.0 p, o r  beyond), while retaining the maximum operating facility for 
fast data-gathering. Latest advances in  this area had led to employment of quarter-wave and 
half-wave plates for rotation of the polarization plane, but these characteristically operated 
13 
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well only over a relatively narrow wavelength band. However, Yerkes Observatory had located 
and received an achromatic type of half-wave plate from Halle-Nachte of Berlin (Germany). 
Measurements of the NASA plate were made at GAC and, as shown in Figure 2, demonstrated 
an unusually wide bandwidth for a half-wave plate; covering the V and B and a good portion of 
the U-band with a reasonable degree of uniformity which should therefore not degrade polari- 
metric accuracy. 
An alternate way of accomplishing this woul be to provide for rotation of the entire in- 
strumentation head (the prism, beam splitters, f i  ers, sensors  and all) with res 
telescope and the incoming light. This would require either manual rotation of the head dur- 
ing operation, or  motorizing the rotation of the head during operation, but would be uniformly 
effective over all wavelengths the system would handle. This would therefore take care  of the 
V, R, and I bands, the full U-band, and any other band that might later be utilized. Another 
way to handle the V, R, and I band would be to obtain additional achromatic half wave plates 
covering these regions (which Halle-Nachte advised they could supply), and provide a means 
for interchanging them. 
Since this latter requirement proved somewhat cumbersome, and since we were unable 
to immediately evaluate V-R-I half-wave plates (since none had yet been furnished to American 
customers), and t9 provide maximum overall flexibility and versatility it was decided to incor- 
porate provisions for both a rotating half-wave plate and a manually rotatable total head that 
could later be motorized if  desired. Both the half-wave plate and the rotating head would in- 
corporate position control and signal pickup provisions for monitoring and recording in the in- 
strument room. 
The following items were required to obtain maximum performance and sensitivity from 
the optics: 
(1) An efficient photomultiplier cathode with the light uniformly focused over a fair 
sized area 
(2) A cooled cathode, with effective thermally isolating, nondewing window 
(3) A highly efficient optical train leading to the window 
Some of these factors were handled by proper attention during the preliminary design 
phase, but the optical efficiency was a main factor during the conceptual design phase. The 
concept finally derived ensured maximum optical performance by providing means, when op- 
erating at maximum sensitivity, for directing all the light to either photometer pair (U-B-V 
o r  V-R-I) sequentially, and the total number of optical surfaces was reduced from an origi- 
nal 13, with a 65 percent transmission loss  to 6 with a transmission loss of only 36 percent. 
Alternatively when maximum sensitivity is not required, the light can be split and directed 
into all four photomultipliers simultaneously for maximum data gathering speed capability. 
Thus, the operator can select the mode and performance capability required to fit the cir -  
cumstances of any particular mission measurement. 
e conceptual phase, it was decided to incorporate provisions in the elec- 
lude both differencing amplifiers for subtracting out 
ise as well as integrating amplifiers. The integrating 
. The differencing amplifiers could also be 
sky background and 
amplifiers (with variable intervals) would further reduce the effect of noise and should greatly 
enhance data reduction, digitizing, o r  aut 
used on the orthogonal polarization corn 
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Preliminary Design 
Based on the design concept established, preliminary design of the system was under- 
taken with the accomplishment of the following: 
Photomultipliers were selected. 
Physical arrangement was established. 
Dewars and cooling system concept and elements were established and selected. 
Optical elements were selected. 
Filter criteria were finalized. 
Electronic system criteria and functional block diagrams were established. 
Equipment configuration and installation concept in instrument room was established. 
Installation interface concept for telescope mounted instrumentation equipment ele- 
ments of the system was established. . 
Electronic and electrical interface and interconnection cabling concept was estab- 
lished. 
Power supply and other observatory interface requirements were derived. 
This required the completion of the layout drawings, functional diagrams, preliminary 
performance analyses, and equipment listing and criteria which formed the basis for the de- 
sign and fabrication phases. 
A primary goal during this preliminary design phase was to provide as much operational 
flexibility for the system as was possible. Ways and means were worked out for changing from 
the photometric to the polarimetric configuration in a few seconds by manual settings that could 
be made without opening the unit and which could easily be done in the dark. Provisions were 
devised for remote controlling and monitoring, from the instrument room console, the beam 
splitter, synchronized filter insertions, half-wave plate rotation, preamplifier and differencing 
amplifier gain settings, and photomultiplier temperature. 
Much of the operational flexibility finally achieved for the system was incorporated dur- 
ing this phase. 
Design Phase 
After the preliminary design of the complete system was established, the detail design 
and analysis and equipment specifications establishment was carried out. The former was 
necessary as a means for getting drawings to the shop for fabrication and the latter to initiate 
procurement of purchased materials, parts, and equipment. 
To establish the filters, an analysis was carried out to determine filter characteristics 
which would provide overall system response as shown in  Figure 3. This afforded a basis for 
filter specification. 
Johnson et a1 (Reference 13), for the U, B, V, R, I photometric system. 
The response functions presented in Figure 3 were developed by H. L. 
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The optical system design and analysis permitted definition and specification for the half- 
wave plate size, Wollaston prism, Fabry lenses, filter sizes, depolarizers, beam-splitter 
mirrors ,  eye pieces, etc. 
The design of the photomultiplier cathode cooling system was based on the previously 
selected dew s developed and ical Associates for the selected 
ers. These did er, and later had to be extensively 
The reason for the def 
tion that the units offered by 
9558QA and 9684A photomultipli 
temperature, and that this re omultiplier usage. It was dis- 
covered, however, that this 
which these photomultipliers were capable was beyond the then-existing state of the art. This 
meant that additional development was necessary to provide a satisfactory operating environ- 
ment for the photomultiplier which would permit them to operate in the manner intended. 
(Electronic voltage divider breakdown, tube breakage, and other deficiencies were also en- 
countered. ) 
ling system is traceable to the assump- 
ro  Optic Associates, for the EM1 
ctorily to their optimum operating 
the performance potential of 
Accordingly, the photomultipliers were tested in the GAC cryogenics laboratory and 
various systems devised and evaluated until safe, satisfactory operation was obtained. It 
was found that for proper performance the EM1 9684A with the S-1 (V-R-I) photocathode 
should be operated at 155 O K (-180 O F), where the dark current output was approximately 
amp. The EM1 9558QA with the 5-20 (U-B-V) photocathode operated best at 227 K 
(-50 F), where the corresponding dark current was around 10-10 amp. Eventually a satis- 
factory dewar housing, window heater, and associated components were developed and tested 
which operated properly, held stable temperatures, and avoiding icing o r  dewing problems. 
This formed the basis for the final design (see Figure 4). 
In addition, a new cryogenic regulating system was  designed to match the new dewar de- 
sign and duplicate i t s  laboratory performance, and provide adequate safeguards for all parts 
of the system (see Figure 5). An under-temperature alarm and emergency shut-down system 
was  also designed to provide more complete safety against any cryogenic malfunction (see Fig- 
u re s  6 and 7) .  Fail-safe principles were employed. 
The installation design was developed in such a manner as to retain full interchangeabil- 
ity with the original 3 -color single-channel instrumentation (which does not require cooling). 
This included interchangeability of the telescope-mounted units and interconnecting cabling 
provisions to the instrument room equipment. The instrument room equipment for both sys- 
tems is permanently installed, including the photometers, monitoring and control consoles, 
power supplies, etc. (see Figure 8). Thus, to change from the 3-color to 5-color system, 
it is only necessary to change the equipment mounted on the back of the telescope and make 
associated connections (electrical, cryogenic - see Figure 9). The units not being used can 
thus located at inch telescope such that the light path is 
ent) filter wheels are advanced 
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photomultiplier 
the light passes to the lower m i r r o r s  and is reflected d 
For determining linear polarization, two methods are utilized: 
(2) By moving the half-wave plate out of the light path and rotati 
orthogonal polarization component beams 
plier combination so that degree of linear 
measured. 
hotom eter head, 
ither photomulti- 
The system response functions for the U-B-V-R-I spectral regions are shown in Figure 
3 .  
sponse; atmospheric transmission; and reflectance and transmittance 
components of the primary telescope and associated m i r r o r s  and lenses. 
The response functions are defined by filter transmission; photom ier spectral re- 
various optical 
The term effective wavelength is defined by: 
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The half -wave plate assembly is located immediately behind the eyepiece position but 
ahead of the image plane. The half-wave plate is supported on a slide assembly so that it can 
be placed (by rotation of an external hand knob) on the optical axis when used for polarimetric 
data o r  moved to the side, out of the optical path for straight photometric data. The half-wave 
plate is supported in a ring that can be rotated in 36-degree increments by a step servo motor. 
to the half-wave plate drive is a 1 K continuous rotation servo potentiometer to pro- 
oltage to monitor and record the position angle in the instrument room. The half-wave 
plate (an achromatic type made by t 
th so as as the B and 
V 
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minutes of arc in diameter. The fifth position contains a single 2 . 0  minutes aperture on axis 
for the polarimetric measurements. 
The lens assembly is located immediately behind the field stop and contains three lenses 
(two for photometric and one for polarimetric measurements). These are Fabry-type lenses, 
the purpose of which is to direct all the light collected by the main telescope aperture which 
passes through the field stop on the desired area of the photocathode. In order to accomplish 
this the focal length and position of these lenses is set to focus the image of the 24-inch pri- 
mary mi r ro r  on the photocathode producing a well diffused spot slightly less than 0.5-inch in 
diameter. The two lenses for nonpolarized photometric measurements are 22 mm diameter 
double convex lenses made of Homosil. Their focal length is 240 mm at 3000 and 259 mm at 
11,000 angstroms. Immediately behind the lenses are Lyot depolarizers made of calcite. 
These lenses are as close to the field stop as mechanical clearances allow in order to pro- 
vide sharp cut off as the target object moves out of the field stop area. 
The polarimetric lens is a 31 mm diameter, double convex lens also made of Homosil. 
I t s  focal length is 215 mm at 3,000 angstroms and 232 mm at 11,000 angstroms. This lens is 
placed behind a Wollaston prism which is positioned as close to the field stop as mechanical 
clearances allow. The Wollaston prism is a three-element type made of calcite. Deviation 
of each r ay  falls within the limits of 7 and 9 degrees from 3,000 to 11,000 angstroms. Be- 
hind the lens is a Lyot depolarizer 31 mm in diameter and made of calcite. The three lenses, 
depolarizers, and Wollaston prism are mounted on a knob controlled slide assembly allowing 
the transition from the (nonpolarized) photometric to the polarimetric mode by means of an 
external hand knob. 
The 45-degree mi r ro r  and beamsplitter (half-silvered mirror)  assembly is mounted be- 
hind the lens assembly and contains two aluminized mi r ro r s  and two inconel beamsplitters 
mounted on a slide assembly aligned with the level of the S1 photomultiplier pair (see Figure 
12). The mi r ro r s  and beamsplitters are independently driven in and out of position by 115 
VAC reversible motors. Micro switches determine the drive limits and provide an interlock 
so that neither motor can drive its component into position unless the other is all the way out. 
With the upper mi r ro r s  and beamsplitters both out of the optical path, the light is re- 
flected by another pair of m i r r o r s  located at the level of the S-20 photomultipliers, as de- 
scribed in the next paragraph, and thereby impinges on the 5-20 photocathodes. With the 
upper m i r r o r s  shifted into the light path position the light is reflected on the S-1 photocathodes 
for VRI data only. With the beamsplitters in the light path position the light is split striking 
the S-1 and 5-20 photocathodes for simultaneous U-B-V, V-R-I data acquisition. 
The color filter and fixed mi r ro r  assembly consists of four-color filter wheels and two 
fixed m i r r o r s  (the pair aligned with the S-20 phototubes) mounted on the photometer head back 
cover plate. The two fixed m i r r o r s  reflect the light onto the S-20 phototubes. Two of the four 
color filter wheels a r e  associated with the S-1 photocathodes and contain three glass absorp- 
tion fi l ters in three of the six available positions providing system effective wavelengths of 
5590, 6980, and 8930 angstroms. They are so located that each filter position is sequentially 
centered on the light path. The other two wheels are associated with the S-20 photocathodes 
and contain three glass absorption filters providing system effective wavelengths of 3560, 4470, 
and 5420 angstroms. Each color filter wheel is rotated by a digimotor and its position is read 
out with a rotary wafer switch to permit synchronization of the wheels in pairs to be main- 
tained, and to provide a position indicating signal to the photometric control unit (and to the 
recorder). 
The entire photometer head, with the exception of the shell that is bolted to the tele- 
scope, can be rotated clockwise o r  counterclockwise 108 degrees in increments of 36 degrees. 
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This causes the complet 
providing an alternate 
establishes the 
means for monitoring and recording of gain levels. 
The output of the preamplifiers can be metered o r  recorded at the control console o r  
connected to the inputs of two differential amplifiers. These amplifiers are Analog Devices, 
Model 101/c. The feedback resistor is fixed at lOOK but the input resistor is selectable from 
1K to 158K in half magnitude steps. These input res is tors  are selectable in pairs by a twelve 
position bi-directional stepping switch controlled at the control console, and equipped with 
wafer switches to provide means for monitoring and recording of gain level in use. 
Although the S-1 and 5-20 photomultipliers are each matched pairs, they are not identi- 
cal in gain and spectral response. Also, differences in the filters o r  optical system in gen- 
eral will result in unequal gains. Since a differential system is employed for elimination of 
sky background and for polarimetric ratios the photomultiplier gains must be equalized for 
each color in both modes of operation, spectral and polarimetric. Equalization of the gains 
is accomplished by controlling the overall voltage applied to the photomultipliers. The nega- 
tive high voltage is connected to the center a r m  of a potentiometer. The ends of the poten- 
tiometer are connected to the cathodes of the photomultiplier tubes, by means of a twelve 
position stepping switch, either directly o r  through a resistor to obtain the necessary voltage 
drop to equalize the gains. Six potentiometers are used for V-R-I and six for U-B-V. The 
V-R-I and U-B-V photomultiplier gain stepping switches are independently controlled by the 
logic circuits in the control assembly. These potentiometers provide a means of matching 
the photomultiplier pairs in each color. In addition, four potentiometers are provided, one 
for each photomultiplier, as a means of balancing out the circuits for minimum dark current 
output. 
The photomultiplier units mounted on the instrumentation head on the back of the tele- 
scope are cryogenically cooled by a system which feeds regulated liquid nitrogen to them 
through a manifold fed by an insulated line which passes through the telescope axes from 
beneath the floor. The purpose of the cryogenic cooling system is to reduce the photomulti- 
plier cathode temperatures to a level at which a very low dark current occurs, so that very 
low signal levels and their corresponding low light levels can be measured. This is neces- 
sary because of the photocathode characteristics of the photomultipliers used in this system, 
hose with the red 
e normally regula 
sensitive (S-1) photocathodes W- 
ing the cathodes to drift tow 
which is directly outside the glass envelope enclosing the cathode and other parts of the photo- 
ntact with a tubular 
it 
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entire assembly is enclosed in an insulating jacket to keep heat transfer losses to a minimum. 
The regulator turns the flow of liquid nitrogen on and off as necessary to maintain the sensor 
temperature within *2 degrees F. The cryogenic system consists of the following elements: 
The insulated cryogenic supply line runs from a connector fitting o 
truck under the floor to the bottom of the telescope pedestal. The 
up through the telescope mount axes to the back of the mi r ro r  cell a 
tribution manifold. Two safety relief valves on either side of the 
down solenoid valve and a shut off system dump valve are located under the aft ac- 
cess plate in the floor of the observation deck (see Figure 13). 
The distribution manifold is mounted on the panel attached to the rear of the instru- 
mentation head and leads to each of the four photomultiplier dewar cylinders. Load 
regulating flow control valves and solenoids are provided for each cylinder (see Fig- 
u r e  9). 
The four insulated (dewar type) cylinders mounted on the rear of the instrumentation 
head, house the photomultipliers and associated electronic components (see Figure 
11). 
The cryogenic temperature regulating system with its 4 precision regulators are 
mounted in the instrument room (see Figure 8). The cryogenic control consists of 
four modified West Instrument controllers (one for each photomultiplier). Each 
controller is connected to  the thermocouple in the corresponding photomultiplier 
housing, and activates the solenoid valve controlling cryogenic flow to that photo- 
multiplier which holds its temperature at the pre-set level. An auxiliary photo- 
cell in each controller activates an alarm and causes emergency shut-down of the 
complete cryogenic cooling system i f  the temperature of any unit falls more than 
a few degrees below the pre-set level. 
The window and optical heater-defroster system is mounted at the base of each 
dewar type cylinder and is controlled and monitored from the instrument control 
room. A control and monitor indicating panel for the photomultiplier window 
heaters and adjacent optics of the instrument head is located above the cryogenic 
control panel. 
An under temperature and emergency shutdown safety system is provided which 
includes warning lights and a horn. It also activates the emergency shutdown 
selenoid valves which shuts down the complete cryogenic system. 
In operation, an insulated hose is connected between the fitting on the rear of the truck 
and a liquid nitrogen supply tank. The supply line from the rear truck fitting is insulated 
throughout the truck, telescope and manifold. Carefully aligned cryogenic rotary joints are 
provided in the supply line at each telescope axis to reduce friction to an acceptable level. 
The panel on the back of the instrumentation head provides facilities for mounting the 
manifold, control valves and thermocouple connectors. Continuous thermocouple leads run 
down through the telescope and its mount where they enter conduits leading to the instrument 
console and the four controllers (see Figure 8). Each controller regulates the temperature 
of one photomultiplier. 
The window heater system is designed to keep the outside of the glass, where it is in 
contact with ambient air, sufficiently warm to prevent dew o r  frost  formation despite the 
the nearby cathode and other elements. The heating system also prevents ther- 
sation on other optical surfaces in  the instrumentation head. Operation is con- 
trolled by switches and indicator lights on the control console. 
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Figure 13. - Cryogenic system and emergency shut down valves 
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The under temperature safety system is activated by a photocell mounted on the tempera- 
ture  controller so that any sensor dropping more than 10 to 15 degrees below the temperature 
setting will activate the alarm (horn and warning lights). This also closes the solenoid valve 
in the liquid nitrogen supply line (see Figure 13) thereby shutting down the com 
system. 
The four insulated (dewar type) cylinders losing the photomultipli 
design to meet the stringent requirements of th pplication. They oper 
any position or attitude, permit ready access to the photomultiplier tubes, and 
able operating environment for the critical requirements of these tubes. The c 
provide the necessary voltage divider net and associated components, electrical connections 
and protection for the photomultipliers as well as affording a light tight enclosure to exclude 
all light except that entering the telescope. The cryogenic exhaust is bled through the dewar 
to keep it purged free of ambient air, thus ensuring completely dry gas in the dewar chamber 
at all times. 
A s  can be seen in Figure 14, the operator's control console in the instrument room pro- 
vides for monitoring and controlling all the functions of the instrumentation system. The meter 
at the upper left (plus the two selector switches below and the one to the right of the meter) are 
for indicating settings (left-hand switch), monitoring signals (right-hand switch), and setting 
scale ranges (upper switch to right of meter). The four lights at upper right, and the row of 
four lights at the right end of the lower panel are also for indicating operating configuration of 
labeled elements of the instrumentation head. The other switches are for controlling the sys- 
tem in the various modes and are grouped according to function, as indicated by the labeling. 
Note that the entire right side of the main panel controls the various data sequencing modes 
available. Figure 15 shows much of the circuitry and general arrangement of this unit, and 
Figure 16 shows the meter readings indicating the various corresponding settings of the sys- 
tem. 
The photometric output signals (as  well as monitoring voltages indicating gain settings, 
filter wheel positions, and angular position of half-wave plate o r  rotating head, see Figure 16) 
from the control assembly is fed directly to the recorders, where it (along with the demodu- 
lated W W V  radio time signal output) is used to activate 11 of the 18 available recording chan- 
nels. In addition, the selected photometric channel signal output is coupled to the relay cir- 
cuits controlling the tone generator which is fed to the speaker on the observatory deck to 
assist  the tracker by indicating when the satellite (or star) is within the field stop aperture. 
High quality components were selected and specified throughout the system design as 
needed to ensure required operating stability and precision and reasonable service life. 
Functionally, this photometer control assembly serves as the "switchboard" and moni- 
toring control panel for the entire photometric system. It enables the operator to vary the 
system operation in  any desired manner, depending on the circumstances being encountered, 
and objectives, to obtain optimum data. In addition, the control assembly incorporates the 
capability of generating the logically constrained routine control functions of the system and 
doing so with considerable operator controllable variations. It also supplies the necessary 
interlocks; and incorporates signal processing and distribution circuitry. 
The signal processing circuitry and controls include provisions for taking the direct 
(pre-amplified) signal, o r  the differenced signal originating from each of the photomultiplier 
pairs (with selected gain level applied), and either distributing it to the proper recorder chan- 
nel o r  routing it to the integrator. The purpose of the differencing mode for the matched pho- 
tomultipliers is to use the signal generated by the light from the satellite and its sky back- 
ground in one and that from an equal portion of adjacent sky in the other. Thus, the difference 
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obtained will be satellite (or star) alone. The same technique is employed for polarization by 
differencing the signal caused by the two orthogonally polarized components falling on each of 
the photomultiplier cathodes of the matched pair. Thus, equal signals (no polarization) will 
give a difference of zero. The adjustments for balancing these outputs are on the right side 
of the electronic unit mounted on the back of the telescope (see Figure 9). 
The control signals which are internally generated for automatic sequencing, timing, 
and integrator control are developed in 4 plug-in logic boards listed below: 
(1) Timer 
(2) VIU/UBV Control 
(3) ~ / 2  Control 
(4) Integrator Control 
The logic boards are printed circuit boards mounted vertically in the photometer control 
assembly as shown in Figure 14. They are easily accessible and removable by sliding the con- 
trol  assembly panel forward. The boards and their functions are described in the following 
paragraphs. 
The Control Logic consists of the following four boards: Timer, VRI/UBV Control, X/2 
Control, and the Integrator Control. The Timer Board consists of a counter and logic to con- 
trol  the mode of operation. The counter converts the 60 Hz line frequency to 3.75  Hz which is 
used as the clock frequency to step the digi-motors of the color wheels, x / 2  plate and gain 
switches. The counter also provides frequencies with periods of 2.13 ,  4.27, 8.53,  and 17.1  
seconds which control the time for each cycle of operation. The VRI/UBV Control Board con- 
t ro l s  the digi-motors for the VRI PM GAIN, UBV PM GAIN, and the four color wheels (VRI A, 
VRI B, UBV C, and UBV D). The h/2 Control Board controls the digi-motors for the half- 
wave (x/2) plate, enables the Integrator Control circuit and inhibits the Color Wheels from 
stepping during the first through tenth steps of the X/2 plate. The Integrator Control Board 
controls the set and reset of the integrator relays and provides the reset pulse to reset the 
control circuit Flip-Flops at the end of each cycle of operation. 
At the beginning of each cycle of operation in the Auto Mode and Color Seq., the color 
wheels will step to the next color filter and remain until the beginning of the next cycle of op- 
eration. The t ime for one cycle of operation is determined by the position of the CYCLE 
TIME switch on the Control Panel. The Mirror  and Beam Splitter will determine which color 
wheels change position. The following conditions can exist: 
B eam Color wheels 
splitter stepped Mirror 
In o u t  VRI 
o u t  o u t  WB 
out In VRI, UBV 
After the color wheels have been stepped, the integrator relays will set to start the in- 
tegrators. The integrator relays will be  reset at the end of each cycle to turn off the integra- 
to rs .  
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In the AUTO Mode and X/2 SEQ, the first cycle of ope 
described above, then the x / 2  pl.ate (only) will step one position 
been completed. This completes one X/2 sequence which will a 
next color. 400 m s  after each X/2 cycle begins, the Integrator 
s are reset at the end of the cycle to turn off 
N position, each digi- 
rresponding switch is 
position. Four steps 
The added power supply requirements for  this system were met by a regulated low volt- 
age unit and a regulated high voltage unit, both installed in the rack below the control console 
(Figure 8). 
The low voltage power supply contains a power switch that disconnects all power to the 
5 color photometric units. It contains fuses for the 115 VAC, 28 VDC, and 6.0 VDC. Mounted 
in this unit are three purchased components listed below: 
(1) Power Supply TW5005, Power Designs Inc. which supplies 1t15 VDC for signal ampli- 
fication and reference voltages. 
(2) Power Supply M 6 .6  - 3. OA, Technipower, which supplies power to the logic cir-  
cuitry and tone generator. 
(3) Variable Transformer, Superior Electric Q 117 U, which supplies 55 VAC 60 Hz 
to pulse the digimotors and rotary solenoids. 
The high voltage power supply is a Power Design, model 1544 which supplies 1500 VDC 
to the photomultipliers. 
The junction panel adapts some of the original cabling of the 3-COlOr system for use with 
the 5-color system. It also provides the junction between cables from the telescope complex 
to the photometer control assembly. It is located in the bottom of the right-hand rack. 
The cryogenic control consists of four modified West Instrument controllers (one for each 
photomultiplier). Each controller is connected to the thermocouple in the corresponding photo- 
multiplier housing, and activates the solenoid valve controlling cryogenic flow to that photomul- 
tiplier which holds its temperature at the pre-set level. An auxiliary photocell in each con- 
troller activates an alarm and causes emergency shut-down of the complete cryogenic cooling 
system if the temperature of any unit falls more than a few degrees below the pre-set level. 
A control and monitor indicating panel for the photomultiplier window heaters and adja- 
cent optics of the instrument head is located above the cryogenic control panel. 
Fabrication 
A s  the advanced material requisitions and design drawings were released, parts procure- 
ment and fabrication were initiated i n  parallel on a tightly planned schedule to meet the require- 
ments for use in the second observation interval (scheduled for midwinter, January, February, 
early March 1967 period). The most critical aspect, as expected, was the delivery of purchased 
parts and components. 
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Accordingly, a rigorous expediting program was set up whereby delivery date require- 
ments, lead t ime requirements of the supplier, and purchase d 
schedule which identified long lead t ime items and pin-pointed 
ordering, special arrangements with the supplier, 
lized to resolve the problem areas; and a follow- 
the schedule and otherwise resolve problems and 
Under this program, the European i tems 
ordered first, by telephone and cable. The 0th 
the filters, Wollaston prism, and power supply urn 
alert followup and vigorous expediting to avoid prob 
program resulted in the delivery of all i tems in  tim 
mid January, thus making it possible t o  use  the new system for the second observation inter- 
val as planned. 
The fabricated units were adjusted and checked out and installation accomplished to per- 
mit system checkout and field verification. The fabricated units (including instrumentation 
unit and electronic unit for the telescope, control units and power supplies for the instrument 
room, cabling, and cryogenic system) are shown near completion in Figures 17, 18, 19, 20, 
and 21. 
After initial checkout (reported in  the next section) they were mounted in their proper 
locations (on the telescope and in the instrument room, see Figure 21 and Figure 8). The 
new cabling was installed through the conduits of the observatory and connections made to 
the equipment. The cryogenic lines and other system elements were installed and insulated, 
and connected to the distribution manifold for supplying the photomultipliers. (Later this was 
repeated to provide the improved cryogenic system, as described above under Design.) The 
system was then aligned and adjusted, and prepared for final system checkout and field veri- 
fication and acceptance trials. 
Checkout and Acceptance Testing 
Equipment checkout was conducted at several levels: 
(1) Bench checkout of individual units, cabling, etc. 
(2) System checkout. 
(3) Field verification trials and acceptance testing. 
These checkout operations were interlaced with the necessary fabrication adjustments 
and alignments, installation and operations as described separately, but the complete check- 
out sequence will be treated here. 
System component checkout. - The component checkout involved physical and electrical 
continuity checks followed by functional checkout of each unit as follows: 
(1) Optical Instrumentation Head Unit 
Following mechanical and circuit checks, the unit was mounted on the optical bench 
for alignment. The following checks were made: 
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(a) Optical ray path through system 
(b) Fabry focus 
(c) Beamsplitter, S-1, S-20 paths 
(d) Polarization path 
(e) Eyepiece alignment and focus conformity 
(f) Field stop focus 
The technique used was to culminate an input beam to correspond to that of the tele- 
scope at the prime focus, and make this occur at the location of the field-stop plane. 
Then with the photomultiplier housing removed, a screen was placed at the position 
of the photocathode, with a light cap covering this; thus, the light caps could be re- 
moved individually to view only the channel being checked. Then checks were made 
with the beamsplitter, Wollaston prism, filters, and other elements in their various 
operating positions so that each could be checked in all colors to ensure alignment 
such that the light spot fell on the screens inside the active area of the photocathodes. 
Functional checks were also made of all the active control and monitoring actions 
and signals including: 
(a) Beamsplitter drive 
(b) Half-wave plate rotation 
(c) Wollaston prism 
(d) Color filter wheels 
(e) Head rotation position monitoring signal 
The photomultiplier housings were then installed and the complete unit checked. 
This checkout and alignment was made simultaneously. When all alignments were 
completed, the above check showed the unit to be entirely satisfactory. 
Electronic Assembly 
The electronic assembly, which mounts on the telescope directly below the instru- 
mentation assembly unit, and is directly connected to it, is used to preamplify and 
process the photomultiplier signals and control its voltages to derive the proper 
photometric output signals to the control console and recording instrumentation 
circuits. Bench checkout of this unit included the following: 
ction (check action both directions). 
switch action (check both directions). 
u s  steps (for precise conformance to design 
values). 
Note: preamplifier gains are in six 2 -magnitude steps; differential amplifier 
gains are in twelve 1/2-magnitude steps (see Table II). 
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TABLE II. - AMPLIF'IER GAINS 
Gain position Gain magnitudes 
PREAMPLIFIER (A) GAINS 
Gain position Gain magnitudes 
Gain 
position 
1 
2 
3 
-0.497 
0.000 
+o. 495 
+o. 995 
+l. 505 
+2.003 
Gain (magnitudes) 
B, V (5-20) 
R, 1 U v (S-1) 
6.0 5.994 5.984 
8.0 7.994 7.984 
10.0 9.994 9.984 
7 +2.500 
8 +2.995 
9 +3.489 
10 +4.005 
11 +4.503 
12 +5.000 
DIFFERENTIAL AMPLIFIER (B) GAINS (ALL COLORS) 
1 
OPERATIONAL AMPLIFIER (C) GAIN (ALL COLORS) 
Mode 
No nint egr ating 
Integrating 
Gain position 
6 
7 
8 
9 
10 
11 
Switch 
-1 
-1/2 
+1/2 
0 
+1 
10 meg-ohms 
4 meg-ohms 
1.54 meg-ohms 
0.630 meg-ohms 
0.249 meg-ohms 
0.100 meg-ohms 
Gain magnitudes 
-0.991 
-0.497 
0.000 
+o. 495 
+O. 989 
-2.500 
-1.505 
-0.469 
+O. 502 
+l. 509 
+2.500 
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(d) Adjustment range of each of the four dark current compensation potentiometer 
circuits. 
(e) Adjustment range of each of the six U-B-V and six V-R-I color compensation 
potentiometer circuits. 
When these checks were satisfactorily completed (including all necessary alignments) 
the photomultiplier units of the instrumentation head were connected by their proper 
cabling to permit interface and functional checks. (Later, after completion of the 
next two units, they too were connected to the electronic unit and complete functional 
interface checks made. ) 
(3) Photometer Control Assembly 
This assembly is the means for controlling and monitoring the functions of the above 
two assemblies, and its bench checkout was carr ied out as follows: 
First, since many of the control functions and sequencing operations are generated 
by the logic boards, a checkout of each of them was carr ied out separately before in- 
stallation in the control assembly. These boards are shown in Figure 22, and their 
checkout consisted of checking through electrically each circuit function of each 
board. Then they were installed in the control assembly, and their function checked 
out while installed. The functional checks of the control console included: 
(a) Mode selection 
1. Photometric o r  polarimetric 
2.  Automatic or  manual 
3. Color compensation (in or  out) 
(b) Control functions 
1. Photomultiplier amplifier gain control 
2 .  Filter position advance 
3 .  Mirror/beamsplitter position control 
4.  Output signal control 
(c) Monitor functions 
1. Meter reference 
2 Gain level indications 
3. Filter identification 
4. Half-wave plate position indication 
5. Head rotation angle position indication 
6. Mirror/beamsplitter configuration indication 
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(d) Integration functions 
(e) Sequence t ime generator (timer) 
(f) Tone generator control 
The technique used in  these checks was to set the various m 
for  each apply the various control functions and verify the o 
connector pin. The monitor functions were checked in a similar w 
input signal to the proper connector pin and verifying the co 
on the panel. The integrator function was observed on the meter with a n  input sig- 
nal voltage level applied at the various RC time constant settings. The recorder 
outputs, (as well as the tone generator control) could also be checked with these in- 
put signals applied. The sequence generator was operated over its range and ob- 
served on the meter and at the outputs. The quality of the logic functions generated 
were also observed on an oscilloscope. 
(4) Power Supply Checkout 
The power supply for this system includes a low voltage power supply and a high 
voltage power supply. The low voltage supply actually provides three output volt- 
ages, and the checkout included: 
(a) Check of the regulated 15-volt DC output reference and signal amplifier volt- 
age. 
(b) Check of the 6-volt BC logic circuit (and tone generator) supply voltage. 
(c) Check of the adjustable 55-volt, 60-cycle AC solenoid actuator pulse supply 
voltage. 
The voltage outputs and regulations were checked by both varying the line voltage 
from 105 to 125 volts and varying the load from zero load to full load and measur- 
ing the corresponding output voltage variation to ascertain that design values were 
not exceeded. The low voltage supply met all performance specifications. 
The high voltage supply provides the regulated 1500 volts DC to the photomultiplier, 
and checkout of this unit consisted of monitoring the output voltage as the load was 
varied from no-load to full and the line voltage was varied from 105 to 125 volts. 
The unit performed in accordance with specifications. 
(5) Interconnecting Cabling Checkout 
All interconnecting cables were checked out for proper connections, continuity, and 
absence of shorts prior to use in the system. 
(6) 
The following checks were made on component elements of the cryogenic system: 
(a) Photomultiplier assemblies (including complete housings) were each bench 
checked in the lab by applying proper anode voltage to the photomultiplier, 
covering the windows with opaque material (aluminum foil), and applying 
liquid nitrogen through a solenoid valve controlled by a regulator connected 
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dew o r  frost formation to 
reduce it and clear the window. 
(c) The temperature controllers were functionally checked. 
(d) The cryogenic lines and joints were checked for leakage, and the solenoid valve 
action checked both ambient and cold. 
System checkout. - The system electro-optical units were interconnected on the bench for 
interface verification, installed on the observatory, then given a complete system checkout. 
This system checkout was  carr ied out, after making proper final alignment and adjustments, 
in the following manner. 
For light input the telescope was aimed at either a distant light source (as an artificial 
"star" where a full-point source was not critical) o r  an actual star. The electronic and cryo- 
genic systems were turned on, the cryogenic "Under Temperature" alarm system checked and 
reset, and the recorder used to record system outputs. The system was then checked as fol- 
lows: 
(1) Dark current balance (light tube covered) check for all four channels. 
(2) Color compensation match - check both photometric and polarimetric for the three 
colors in each of the two pairs (12 adjustments in  all) 
(3) Control and monitoring functions 
(a) Beamsplitter/mirror assembly 
1. Set controls fo ch configuration, orresponding light indication. 
2. Check interloc n" when the 0th 
(b) Amplifier gains 
1. Set signal switch (below meter) on "refere 
2. Set ref to "VRI PA" (first position) 
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3. Using VFU gain switches in center of panel run through all 12 steps both ways. 
Note meter and recorder  identification trace indication of 
gain ratio conformance to design values (see Table II) as 
sity trace. 
both ways. 
plifier ("DIFF"), (control switches located below VRI switches). 
4. Repeat above steps for 
5. Repeat above steps for UBV differential am - 
(c) Cycle t imer (sequence generator) 
Note: This will also verify the half-wave plate operation in UBV 
1. Set reference switch to "X/2", and set switch at lower right side of upper 
panel to "x/2 SEQ" . 
2.  Put polaroid filter cap over light tube, and put three hand knobs on instru- 
mentation assembly to the "polarization" settings. 
3. With switches immediately to the left of the latter switch, operate cycle 
timer in manual, automatic, and semiautomatic mode at various cycle t ime 
values. 
4. Verify action by meter indication advance for each step. 
(d) Color band filters 
1. Set the reference switch to the "UBV" and "VRI Filter" positions and note 
filter indicated (see Figure 16). 
2. Using controls and indicator lights on right side of panel, operate and check 
filter advance. 
3. Put one filter wheel only a step ahead (out of synch with its mate). Actuate 
filter to verify synch system. 
4. Operate in all combinations (manual, automatic, etc.) for both filter sets 
(monitoring with reference meter and recorder), and with cycle timer. 
5. Check "re-set" action. 
(e) Color compensation 
With a red o r  blue filter, turn color compensation switch off and on, noting 
effect on corresponding intensity signal. 
(f) Integrator 
1. Set signal switch to "INT A" 
2. Set input switches below it to right-hand positions 
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3 .  Set "INT A RC" switch (lower left) to mid-range. 
4. Note integrator action by saw-tooth o 
trace. 
5 .  Vary "INT A RC" values, and note response. 
6. Repeat above st Integrator B. 
7. Change Integr Input Switch to "DIFF", and note re 
differential amplifier gains. 
(g) Rotating head 
1. With head in  polarization configuration for two ha 
tion and Wollaston prism) but h/2  plate out, set r 
(Signal switch on "REF"). (Have polaroid filter cap on light tube.) 
2.  Set recorder input switch to "DIFF". 
bs (field stop posi- 
ce switch to "HEAD" 
3. Rotate head to next 36" position and lock. Note meter and recorder head 
position trace indication, and note response in  intensity channel recording 
traces. 
4 .  Repeat, resetting head to each of the other positions, then back to zero. 
(h) Field stop monitoring indication 
1. Set reference switch to FIELDSTOP" position. 
2. Set all three instrumentation unit knobs in photometric configuration. 
3 .  Rotate field stop knob successively to each of the positions. 
4. Note position indication on meter, and note response of intensity t race pro- 
portional to the various field stop areas with telescope using bright sky o r  
diffuse field input only (no star). 
5. Verify "adjacent sky" stop by having star in first one stop (tracking orienta- 
tion) then in  neither, then in the other - with UBV recorder input setting. 
Note intensity trace response on recorder. 
6. Repeat step 5 with recorder input switch on "DIFF". Note intensity trace. 
(i) Tone generator 
1. Set signal switch at "UBV C". 
2.  Point telescope at star o r  light source so it is centered in  field stop area. 
3. Advance o r  decrease UBV gain until meter reading is around half scale. 
Set tone generator sw h (bottom center) to "C". 
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5 .  Advance threshold switch (immediate right) to give solid tone. 
6. Verify that reduction of signal to low level will cut off tone, and increase 
will res tore  it. (Swing telescope to take star in and out of field stop area.) 
(4) Tracking Operation 
With the tracking control system activated, 
strument controls at console operated to record photometric signals such as to verify 
compatibility of new instrumentation system with the tracking and other elements of 
the observatory and their operation together. Operation was then switched from 
shore power to the motor generator system to verify complete system interface 
and operational compatibility. 
tar (or satellite) was acquired and in- 
During these checkout operations and subsequent field verification trials many discrepan- 
cies and problems were encountered and remedied in order  to complete the checkout satisfac- 
torily and obtain an acceptable system operation in accordance with design performance and 
objectives. The eventual corrections of all difficulties and subsequent satisfactory operation 
of the system verified the soundness of the design and of the general concept developed for the 
new five color U-B-V-R-I system. 
It had originally been planned to complete the system checkout and brief field verifica- 
tion operating trials before dispatching the system to Yuma in late January to begin its first 
deployed assignment on the second observation interval of the contract. To complete the final 
aspects of the system checkout and to conduct the field operating trials, clear skies were re -  
quir ed to demonstrate calibration star and satellite tracking and measurement capability of 
the system. 
Fortunately, as checkout progressed during the middle and third week of January (expe- 
cially the latter), an unusually good percentage of cloudless nights prevailed. However, in the 
final steps of system checkout where stars were needed, and before field verification trials could 
be conducted, bad weather prevailed with at least a week of stormy, cloudy weather forecast, thus 
seriously disrupting the planned schedule. If it had been possible to get the observatory com- 
pleted and on the road by then, weather would riot have been a problem. 
In view of the weather, observing schedule, and satellite visibility windows, a confer- 
ence was held with NASA participating, to review the situation and decide on the best course 
of action. One suggested plan was that, since weather was the main problem, this might be 
circumvented by transferring operations to the Goodyear Aerospace plant west of Phoenix, 
Arizona. There the balance of the checkout and any required debugging could be carried out 
while tracking stars and satellites, and the data obtained in this process could constitute the 
initial observations (since they would simply be made from Phoenix rather than the even more 
ideal conditions at Yuma). Then as soon as the system checkout and acceptance trials were 
complete, operations could be moved to Yuma (a distance of only about 175 miles), and the 
photometric observation continued according to the original plan. 
This plan seemed to offer considerable advantage over any others. Arrangements were 
checked out with GAC Phoenix plant personnel in corresponding disciplines (electronics, phys- 
ics, astronomy, plant operations, and management) and found satisfactory for all needed tech- 
nical support, etc. Some final additional work on some of the units was deemed advisable as a 
result of checkout operations, and this could be accomplished without undue rush o r  loss of 
time by retaining these units only. The rest of the system could be dispatched (the observatory, 
with the new system installation and all mission support equipment and supplies) immediately, 
so that it would be in transit during the bad weather here. Then the revised units, which could 
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be completed and checked out in three days, could be carr ied by the engineer involved and ar- 
rive by commercial airline at  Phoenix in t ime to install in the observatory upon its arrival 
(transit t ime 4-1/2 days). 
After careful co 
eliminated schedule s 
were considered serious, whereas 
of bad weather whi as developing at 
and arrange for i ate departure of the obs 
ready for transit i n  approximately 18 hours and 
dispatched according to the original plan, so 
t ime as the observatory. 
orked out quite well in accordance with the revised plan and therefore very 
right after its arrival in Phoenix, and the now combined program of completing system check- 
out and making satellite photometric measurements proceeded. Approximately 12 days later, 
the operations were moved to the planned site near Yuma and the mission carr ied on as origi- 
nally planned. 
was lost. The balance of the equipment was installed in the observatory 
All parts of the system proved quite satisfactory after the initial shakedown period ex- 
cept for the liquid nitrogen cryogenic system. Because of problems encountered with it in the 
original version it was elected to go to dry ice  cooling, and this was used for the balance of 
that observation mission. The system was then returned to Akron and the cryogenic system 
revised to its current satisfactory configuration as described previously. The system was 
shown in a subsequent test  demonstration and in the subsequent observation intervals to be 
entirely satisfactory. 
All the operations and data covered in  this report (except for that taken at Palomar dur- 
ing the first observation interval) was taken with this new extended range five color instrumenta- 
tion system. It represents one of the most advanced photometric data gathering capabilities 
which exists today. 
Field verification tests. - The field verification tes ts  were carried out at the Goodyear 
Aerospace Phoenix, Arizona plant and at Yuma in combination with the other operations as de- 
scribed above. This included a demonstration of proper overall operating capability as well as 
specific tes ts  in each of the principle operating modes. These were as follows: 
(1) System Gain Factor Calibration 
The system gains, when using the various amplifiers (pre-amp, diff-amp, etc.)  a r e  
a very important part of every measurement taken, and are entered into the basic 
computer program for reduction of the star calibration and satellite data. They 
must also be stable (and are established in this system by precision resistors) to 
give consistent results such as those demonstrated by star measurements and their 
"goodness of fit, " which was checked as described below (next paragraph) under 
calibration stars. 
Accordingly, checks were m e to verify and precisely measure the exact gain val- 
ues. The method was to me e, while tracking a constant light source (star), the 
output voltage ratio when gains are switched from one to the other. The results ob- 
tained a r e  tabulated in Table 11 above. 
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(2) Star Calibration Measurements 
The observatory was set up for operation in the normal manner. Second order ex- 
tinction coefficients and system scale factor data were obtained for a preselected 
list of appropriate calibration stars,  using the techniques described in the "Star 
Calibration Mission" section of the Operations and Maintenance Manual. 
The resulting data was later reduced to determine its validity and to fully gemonstrate 
the operational capability of the system to make accurate and valid calibration meas- 
urements. The coefficients obtained and related star measurements were checked 
for goodness of fit. The results are reported on page 102 of this report. 
(3) Five-Color Photometric Operation 
The system is designed to ca r ry  out photometric operations involving measurements 
in the U, B, and V bands (with the S-20 photomultipliers) and in the V, R, and I bands 
(with the S-1 photomultipliers) simultaneously. It is able to electronically difference 
the outputs of the two photomultipliers in each pair (5-20 o r  S-1 pair) and thus elimi- 
nate sky background reading from the signal. It is also able to integrate the photo- 
metric signal obtained to reduce the effects of scintillation and other noise source 
and simplify the reading of a true average data value. Accordingly, the system was 
operated in these various modes while tracking a single source (star) to verify such 
operating capabilities. Figure 23 shows an example of the recording obtained, with 
the left portion showing a straight (nonintegrated) signal output, and the right-hand 
portion showing the recording with the signal integrated (labelled "integrating mode"). 
Note the filter identification t races  on the lower part of the chart (labelled "U," "B," 
and "V" - for upper trace, and "V," "R," and "I" - for lower trace); and note the 
change in the corresponding signal level traces (as labelled) in the upper part of the 
chart for the nonintegrating portion, and the center portion for the integrating por- 
tion. The typical gain level identification traces (4) are also labelled in this sample 
data record. 
Photometric data taken on stars in this part of the test and field operations were 
later reduced and examined for accuracy and validity, as previously stated above, 
and presented on page 102 of this report. 
(4) Polarimetric Operation 
The system is also designed to make similar polarization measurement in various 
modes and color bands, and this was also checked by operating the system in each 
mode using a star as a target. Figure 24 shows data taken on a nonpolarized star 
(B. S. 5340, Arcturus) showing both the plain and integrated signals. Introduction 
of a polarizing filter results in the strong polarization indications shown in Fig- 
u re  25. 
These recordings were made in  the V-band, and are typical of those obtained in other 
bands. However, for the R and I bands the half-wave plate installed does not function, 
and the rotating head is used for these bands. It gave analogous results, operating 
over a range of 408" (again in 36-degree steps). It should be noted that 180" (*go") 
is sufficient to cover the full range, and this is what causes the duplication shown in 
the 10 steps of Figure 25 (which total 360"). 
Notice that Figure 24 shows no variation in signal value for either polarization 
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component in either mode, while in Figure 25 a complete cycle of values occurs for 
every 5 steps (180"). Also note the reciprocal character of the two polarization com- 
ponents (i. e., when the one is strongest, the other is least; practically zero here, 
due to n e x y  complete polarization of the filter). 
(5) Satellite Photo r i c  Measurements 
After operation of all the elementary functions of the system had been verified, com- 
plete satellite tracking measurements were conducted to verify the integrated oper- 
ation of the entire system (instrumentation, tracking control system, etc. ). 
Several satellites (including Echo I, Echo II, Explorer XM, PAGEOS, Agena launch 
vehicle, etc.) were tracked in  the various photometric and polarimetric modes. Fig- 
ures  26 through 29 show some of the more interesting recordings of these measure- 
ments. The measurements included pre-pass calibration data (for primary extinc- 
tion coefficients), satellite pass data, and post-pass calibration data. 
These data were reduced and analyzed to determine their validity and provide re- 
quired satellite measurement data. The results, described on pages 103 and 104, 
demonstrated the operational measurement capability of the complete mobile observa- 
tory equipment with the revised instrumentation system (a memorandum of joint ac- 
ceptance was included in progress report number 6). 
Two exceptions to the fully satisfactory operation were noted in the initial tests and 
operations. One concerned the capability for obtaining the polarization data by means 
of the rotating head method for the R and I (and back-up U) bands. This was later r e -  
solved to the satisfaction of all concerned, following reduction and analysis of the 
data, reported on pages 98, 99, and 106. 
The second item was  more serious, having to do with shortcomings of the original 
cryogenic system. The liquid nitrogen system was subsequently modified in order 
to meet the performance specifications originally conceived. 
After the system was revised (as reported above on page 35), field tests with the 
NASA representative present were carried out (following checkout) to demonstrate 
the full capability of the entire system with the final cryogenic system in operation. 
This was done in Akron as a part of the third observation period. The system was 
shown to be entirely satisfactory, Figures 27 and 32 show data obtained with this 
final configuration. This data was reduced and analyzed, and found to be valid. 
The results are included on pages 83, 85, and 91. 
A significant amount of field operations with this  system followed the verification 
testing and operations reported above. These operations (along with the data ob- 
tained) have served to fully confirm the capabilities of the complete five-color ex- 
tended range photometric observatory system. 
Operation and Maintenance Manual 
Following completion of verification and acceptance testing of the final five-color sys-  
enance Manual was revised to include the proper treatment 
stem, and the entire system as effected by them. This in- 
tem, the Operation and 
of the new elements of 
cluded revision of Sections I and I][, of the manual (general and detailed description of the 
system and components, respectively) to include a description of both the original three-color 
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and the new four -channel extended range five-color system as optional interchangeable alterna- 
tives available to the operator. 
Section III of the manual was  similarly expanded to include the theoretical principles in- 
volved in the extended color band ( R and I - red and infrared) regions - to about one micron - 
of the new extended range system. 
In a corresponding manner, Section IV of the manual (Operations) was similarly expanded 
to explain how to operate the system in making photometric measurements with the new five- 
color system as well as with the original three color instrumentation. Section V (Data Reduc- 
tion) was likewise expanded to cover data reduction in  the new bands and modes of operation 
(e. - g., integration) provided by the new system. 
was expanded to fully cover all aspects of maintaining the new and much more complex instru- 
mentation, along with i t s  new regulated power supplies, cryogenic system, etc. New auxiliary 
manuals had to be provided to cover the new system components involved, and new drawings 
and diagrams for the manual (in addition to the new figures and illustrations) were provided as 
needed to cover the new equipment involved. 
Section VI, covering maintenance, probably required the most expansion of all since it 
As  a result of this revision to the manual, it now gives the same degree of coverage to 
all the new elements and aspects of the system as the original manual gave to the original sys-  
tem. Furthermore, the philogophy adhered to throughout was to fully retain the original sys- 
tem capability (since it can still serve as a simpler, highly sensitive, noncryogenic system, 
wherever appropriate, and as a back-up capability) and treatment of all aspects covered in 
the manual; while giving a similarly thorough treatment of the more complex new extended 
range system developed under this contract. It also fully explains what is necessary to in- 
terchange the two systems. 
The new revised manual therefore represents full coverage of both the original and new 
configuration in  a manner designed to provide the operators with all the essential information 
needed to properly operate and maintain the system. 
SATELLITE PHOTOMETRIC/ POLARIMETRIC MEASUREMENTS 
Field Preparation 
Before field observations could be performed, the observing site was selected and pre- 
pared, the mobile observatory was made ready, and transportation for the observatory and 
crew was arranged. 
Site selection and preparation. - In selecting the remote si tes for the photometric obser- 
vations, several items were taken into consideration: excellence of transparency and seeing 
during the planned observing period, logistics, installation of power lines, transceiver in- 
strumentation, etc. , if required, security and observatory safety practices, latitude, alti- 
tude, and longitude determinations of the site (for satellite predictions and data reduction) 
ease of acquiring supplies, etc. 
After the recommended site received NASA-LRC's approval, rental arrangements were 
finalized with the land owner. At Palomar Mountain the site preparation included the necessity 
of spreading a dust inhibitor. Provisions for "shore" power were found feasible and were made 
at all of the sites used. All selected sites had existing high security fences except on Palomar 
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Mountain, where the crew members were quartered on the same property and, in  effect, pro- 
vided a continuous watch over the equipment. 
Date 
Jul-Aug 1966 
Jan  1967 
Feb-Mar 1967 
Jun-Jul 1967 
Sep-Dec 1967 
Table III lists the various sites from which the observations reported herein were made, 
together with the t ime periods. 
West North Altitude above 
Site longitude latitude mean sea level 
(deg) (deg) (ft) 
Palomar Mountain, Calif. 116.849 33.310 5640 
Phoenix, Arizona 112.361 33.434 9 70 
Yuma, Arizona 114.646 32.550 165 
Wingfoot Lake Knoll Site 81.378 41.024 1275 
Akron, Ohio 
Wingfoot Lake Knoll Site 81.378 41.024 1275 
Akron, Ohio 
TABLE III. - OBSERVING SITES 
(1) Palomar 
(a) Near-ideal transparency and seeing expectancy during the planned (summer) 
observation period 
(b) Easy accessibility and logistic support 
(2) Phoenix - Yuma 
(a) Good transparency and seeing expectancy during the planned (winter) obser- 
vation period 
(b) Easy accessibility and logistic support 
(c) Crew efficiency during winter 
(3) Akron 
(a) Expected economy 
(b) Convenience to main plant 
(c) New cooling system shakedown period 
Observatory readiness and shipment. - Before the NASA mobile satellite photometric ob- 
servatory was transported to each of the selected remote sites, the observatory was checked 
for any difficulties in performance of optical and/or electronic instrumentation, and the truck 
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was checked and lubricated to a s su re  its road readiness. Finally, all needed auxiliary 
plies and paraphernalia were put on-boa ied down. The truck was the over to 
the  commercial t ru  river who had be 
truck handling, des tion, route and co 
and Orbital Geometry 
in accordance with satellite "vis The observing missions were sc 
forecast in advance from a projection local orbit sweep times. Durin 
Crete local pass predictions were generated by GAC's E1215 computer program i 
culmination times, conventional altitude - azimuth and right-ascension-decli 
and also four axis coordinates, from the latest orbital elements received from the 
Astrophysical Observatory and Norad. "Moonwatch" -type positional fixes on the s 
were used to keep track of the ephemeris t ime residuals (corrections) until new o r  
m ents were received. 
To compute the time-correlated altitude, slant range, and phase angle geometric circum- 
stances of the satellite for the purposes of photometric data reduction and analysis, the observed 
ephemeris t ime correction was used with the instantaneous anomalistic period to compute the 
satellite's effective mean anomaly at the epoch of the orbital elements. 
Observation Procedure 
This section describes the tasks of the observatory crew while on field missions. The 
crew usually consisted of three persons; crew chief, field astronomer, and technician. This 
section describes a few of the duties and responsibilities of the console operator and telescope 
operators . 
On deck tasks. - Approximately two hours before the expected satellite acquisition time, 
the van was opened and the telescope uncovered except for the dark cap over the central light 
baffle. The cryogenic and high voltage systems were then turned on in order to allow ample 
t ime for the photomultiplier tubes to cool and stabilize. Meanwhile all auxiliary needed equip- 
ments and reference materials were assembled; binoculars, stop watch, star charts, computer 
predictions, observer support ladders, etc. The antenna was deployed and WWV time signals 
received. The plan for the night's operation was reviewed by several members of the observ- 
ing crew. 
About one hour prior to the satellite acquisition time, the dark currents were monitored 
and, i f  necessary, compensated, and (when the  sky is sufficiently dark), the dark cap is re- 
moved. If, as is generally true, all the planned pre-pass calibration s t a r s  were accessible in 
the four-axis satellite acquisition mode, the mounting was then moved and clamped in azimuth 
and elevation to the computer-predicted settings that align the polar axis to the effective pole 
of the satellite's trajectory. If some of the calibration stars were not accessible in this polar 
attitude, they were generally reached by temporarily offsetting the polar elevation. 
The first pre-pass calibration star observed served to  confirm o r  adjust boresighting of 
all auxiliary telescopes. The primary calibration stars were observed and recorded in the 
same mode in  which the satellite data was taken. 
Approximately ten minutes before the expected satellite acquisition time, the telescope 
was clamped to the predicted satellite cross-track setting, and swung on the polar axis to 
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determine and provide for all observer-support requirements. The telescope was then 
moved to the satellite acquisition field by setting the predicted t rack (hour) angle, and con- 
firmed in the three-inch acquisition telescope against the general star field by comparison 
with star charts and the predicted corresponding right ascension and declination. Since sat- 
ellites a r e  often a few minutes early, set up for acquisition was begun about five minutes be- 
fore the expected time. 
As soon as the satellite was acquired, the observer adjusted the tracking rate poten- 
tiometer to pace the satellite, making it appear stationary in  his field. He then used the stiff- 
stick control in the same manner as when observing calibration stars to push the field's center 
(marked by illuminated reticle) to the satellite. The audio tone generator was then energized 
by the photometric signal being received in the main 24-inch telescope. Meanwhile the track- 
ing observer visually acquired the satellite in  one of the more powerful boresighted auxiliary 
telescopes and the stiff-stick tracking control was transferred to him. H i s  objective was to 
maintain the audio tone by precise tracking until the satellite became too low for useful data, 
o r  until the satellite enters eclipse. 
The acquisition observer served several functions during the tracking per iod 
(1) He was  responsible for quick re-acquisition when the tracking observer lost track 
of the satellite 
(2) He provided for any change in observer-support (-, ladder) requirements 
(3) With binoculars and stop-watch he obtained a timed position of the satellite ("Moon- 
watch Point") for subsequent up-dating of the orbital elements and determining the 
geometric circumstances of each photometric data point by time correlation; and 
(4) He advised the instrumentation room if the satellite was subject to vignetting, if  it 
"sideswiped" a bright star or  passed through a region of thin haze, enabling the 
oscillograph recording to be so marked. 
He was, of course, also available to replace the tracking observer. During certain po- 
larimetrically-observed passes, he manually rotated the photometric head. 
Immediately following the pass, the primary calibration stars were re-observed. On 
several nights during the observing mission, special calibration programs were observed to 
determine the system transformation scale factors and second-order extinction coefficients. 
Generally these programs were conducted with the telescope mount in the conventional side- 
rea l  mode, except when the declination of the chosen program stars were in excess of 40 de- 
grees. 
Console tasks. - The console operator was responsible for the following tasks before a 
ser ies  of stellar o r  satellite observation. 
(1) Loading the oscillograph with chart paper and assuring that the paper did not run 
out while a satellite pass was being observed. 
(2) Switching gain steps through all positions on the chart paper and manually marking 
the pre-amp and diff-amp UBV and VFU positions. 
During observations, the console operator tasks consisted of (1) selection of the mode of 
operation: photometric or  polarimetric, and (2) continuous controlling and/or monitoring of 
the following 
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(1) Photomultiplier gains 
(2) Fil ters 
(3) Position of the m i r r o r s  within the photometer head 
(4) Intensity output 
(5) Reference meter 
(6) Quality of time signals. 
The complete description of the operational procedure of the photometer console is pre- 
sented in the Operations and Maintenance Manual. 
Field Operations 
Administration of field operations. - The field crew chief at the Palomar Mountain and 
Arizona remote sites, Mr. C.  L. Rogers, was in daily telephone contact with the home office 
in Akron, Ohio, to maintain complete coordination and reporting. His responsibilities included 
observation scheduling, field personnel work assignments and provisions for required trans- 
portation, instrumentation security and maintenance, supplies, records, data quality control 
and data return (by airmail). At the Ohio sites, Mr. Ed Kalasky performed the above functions 
of the crew chief, as modified by the proximity of these sites to the home office. 
Astronomer -observer. - The tasks of the field astronomer-observer included the follow- 
ing: 
(1) Tabulating the useful satellite passes for observation scheduling and plotting the 
trajectories of the various satellites on star charts. 
(2) Selection of well positioned standard stars to determine the various calibration and 
extinction coefficients for the stellar calibration computer programs. 
(3) Location of the stars and aiding the telescope operator in obtaining photometric ob- 
servations of the stars. 
(4) Locating the satellite at some predetermined altitude and aiding the telescope op- 
erator in acquiring and maintaining the satellite in the photometer field of view. 
(5) Obtaining a "Moonwatch" point for the satellite pass in order to update the mean 
anomaly of the orbital elements. 
Technician. - The duties and responsibilities of the field technician were as follows: 
(1) Orientating the observatory at a given azimuth for a given pass o r  series of passes. 
(2) Setting up the jacks and leveling the observatory through use of spirit levels. 
(3) Setting the correct azimuth, elevation, and declination drives on the telescope from 
the four-axis predictions. 
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(4) Performance of tasks  at the telescope during the satellite pass o r  at the console as 
directed by the crew chief. 
(5) General mechanical or electronic maintenance, etc. 
It should be stated that the foregoing description of the tasks of the field crew is not com- 
prehensive, but merely to be illustrative of the various tasks on deck o r  at the console. 
Data Reduction and Analysis 
The following steps were employed to prepare the photometric and polarimetric data for 
analysis : 
(1) Analog-to-digital conversion of the photometric and polarimetric data 
(2) Placing the digitized data on forms, keypunching, and listing the data 
(3) Application of the stellar calibration programs 
(4) Application of the satellite data reduction programs to determine orbit geometry, 
and optical and physical properties 
(5) Data analysis and establishment of data accuracy levels 
The method of analog-to-digital conversion is slightly different for the two photometer 
systems used during this contract period because of different amplifiers. The U-B-V pho- 
tometer system data reduction methodology is described in Reference 3 . The method of data 
reduction for both photometric and polarimetric modes using the U-B-V-R-I system are as 
follows: 
After receipt of the oscillograph charts from the field crew, the analog-to-digital con- 
version for the stars and satellite of interest was performed. Because this task was per- 
formed manually, each photometric point required the following information: filter color, 
time, intensity height in inches and two o r  three gain factors. In  addition, each star was 
identified by its Yale Catalog Bright Star (B.S.) number, and pair number i f  the second-order 
extinction coefficient program was used. 
After the analog-to-digital conversion was completed, the data points were placed on 
special forms for key-punching. These forms are shown in the manual along with instruc- 
tions for their use. The key-punched cards  were then submitted to the computer programmer 
for listing and checking. The stellar transformation and/or calibration programs were first 
run; plots were then drawn by an  automatic X-Y plotter. Printouts and plots were examined 
for possible e r r o r s  o r  unsatisfactory values. In the latter case, the data w a s  analyzed to de- 
termine the cause of the discrepancy and reruns performed to obtain satisfactory values. 
After the calibration and extinction coefficients had been established for the satellite 
pass, computer program E-1216, "Satellite Photometer Program: Stellar Magnitudes, was 
used. This program prints out the satellite extra-atmospheric and normalized magnitudes, 
slant range, and phase angles, etc., for each data point. These results were then examined 
for very low altitude points (- 10 deg) and clearly spurious magnitude values. These data 
points were discarded. Computer program E-1214, "Specularity, Radius of Curvature and 
Reflectance Determinations, " was then used for each color. In  addition to obtaining these 
parameters for each pass, combined runs were performed for the satellite in each color. 
Plots of the specularity were then prepared. 
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A complete flow diagram for  the various photometric computer programs associated with 
the stellar and satellite data reduction and analysis is presented in Figure 30. The computer 
programs, represented by the elements of the flow diagram, are described as follows. 
Photometric programs. - 
Calibration Program I (E 1961 and E 1962) 
This program is used to  obtain the second order extinction coefficients from SUC- 
cessive (two o r  more) series of photometric observations of three-to-fiye close 
pairs of standard stars having widely differing color indices at low altitudes. The 
subsequent calculation of these k" values are listed in Table IV. 
(2) Calibration Program 11 (E 1971 and E 1972) 
Using the parameters determined from Calibration Program I and photometric ob- 
servations obtained on 10-15 standard stars near the zenith, the scale factors for 
system transformation ( e ,  1.1, +, p, u, 7) are calculated. 
(3) Calibration Program III (E 1981 and E 1982) 
'Using the parameters determined incalibration Programs I and E, and photometric 
observations on 5-7 standard stars located along o r  near the satellite path, both be- 
fore and after the satellite pass, the primary extinction coefficients (k's) and zero 
point t e rms  (5's) for the various spectral regions are determined. 
(4) Satellite Data Reduction (E 1216) (USV and VRI) 
This program uses the previously determined stellar calibration and extinction co - 
efficients and the photometric values of intensity and gain for the satellite photo- 
metric observations, such parameters as extra-atmospheric and normalized mag- 
nitudes as well as orbit geometry parameters (phase angle, slant range, etc.) are 
determined and printed out. 
(5) Satellite Data Analysis (E 1214) (UBV and VRI) 
Using the previously determined values of satellite normalized magnitudes and 
phase angles for each data point, mean normalized magnitude, specularity, radius 
of curvature, reflectance, figure of merit, etc. are calculated and printed out. 
(6) Specularity Plot (EA 852) 
This program plots the brightness of each data point (4E/E0) versus 8/3 Russell 
phase function [8/3 f($)! and draws a best fit line through the data points. 
i 
(7) Data Reduction - Polarimetric 
The data recorded on the oscillograph charts are converted from analog-to-digital 
form by manually measuring the filter, gains, and analyzer (Wollaston prism o r  
half-wave plate) positions, the two intensities (I1 and I ) and the t ime for each star 
o r  satellite data point. In addition, the Henry Draper 7 H. D.) catalog number is re- 
corded for each star. After the analog-to-digital conversion is completed, the data 
is placed on forms. The data is key-punched, and submitted to the computer pro- 
grammer for listing and checking. 
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I ,  
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Second Order 
Coefficients 
Second Order Extinction 
Figure 30. - Block diagram of computer data flow 
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The various stellar and satellite polarimetric programs are then run. A brief de- 
scription of the various polarimetric computer programs follows. 
System Bias and Calibration Check (EA 580) 
The data obtained for polarimetric observations on zero polarized stars; is cor- 
rected for any variation between the two intensities 11 and I2 for either the rotating 
Wollaston prism o r  the rotating half-wave plate. 
Using the system bias from zero polarized stars and polarimetric observations on 
highly polarized stars, the percent polarization calculations for these stars are 
checked against the Alfred Behr catalog values (Reference 12). 
Satellite Polarization and Phase Angles (EA 600) 
Using the results from EA 580 and polarimetric observations on the satellites of 
interest, the percent polarization and phase angle of the satellite is determined. 
Plotting of Satellite Percent Polarization and Phase Angle Data (EA 601) 
The results from the Satellite Reduction Program, EA 600, are used in the EA 601 
program for the combined plotting of satellite data. This program provides a list- 
ing of the data cards  and plots the percentage polarization versus the phase angle of 
the satellite. 
Analysis, - i. e. , determination of various optical and physical properties, correlations, 
etc., a r e  performed for photometric and polarimetric observations and a r e  presented in "Dis- 
cussion of Results" that follows. Accuracy of results, i. e. ,  performance of stellar photomet- 
r i c  and polarimetric checks as well as statistical d e t e r s a t i o n  of satellite observation accu- 
racies are discussed in "Accuracy of Results. " 
Discussion of Results 
Calibration. - 
Second-order extinction coefficients: Values of the second-order extinction coefficients 
used in the equations to determine such parameters as transformation scale factors, primary 
extinction coefficients and zero-point terms, and stellar and satellite magnitudes and color 
indices are presented in Table IV. 
Scale factors: Scale factor observations were performed at least once during each obser- 
vation period. Values of each parameter a r e  presented in Table V. 
Primary extinction coefficients and zero-point terms: Calibration observations for the 
determination of primary extinction coefficients and zero point t e rms  are usually performed 
before and after each pass of a given satellite on approximately 5-7 standard stars taken from 
References 5 and 6. Exceptions to this practice happen a t  t imes when a satellite pass occurs 
near sunrise o r  sunset, o r  if passes of two different satellites occur within a short period of 
time. The pre- and post-pass values of these parameters a r e  combined anq effective values 
of the primary extinction coefficients and zero-point t e rms  are obtained to use in the calcula- 
tion of satellite extra-atmospheric magnitudes. Mean values for the primary extinction eo- 
efficients are plotted versus effective wavelength in Figure 31 for the Palomar Mountain, Yuma, 
and the two Akron observation periods. 
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TABLE IV. - SECOND ORDER EXTXNCTION COEFFICIENTS 
0.000 
Observation 
period 
0.000 
No. of star 
pairs used 
0.000 
0.000 
k" r-i 
0.000 
0.000 
%-V 
-0.004 
-0.047 
-0.028 
-0.040 
-0.040 
-0.040 
';-r ki-b 
-0.001 
-0.014 
-0.041 
-0,010 
-0.010 
-0.010 
Summer, 1966 
7/17 - 8/5 
Summer, 1966 
8/6 - 8/14 
Summer, 1966 
8/15 - 8/22 
Winter, 1967 
2/12 - 3/14 
Summer, 1967 
6/13 - 7/6 
Autumn, 1967 
9/26 - 12/17 
TABLE V. - SCALE FACTORS OBTAINED FROM OBSERVATIONS 
Date of 
observation 
No. of stars 
used E P $ 
1.020 
1.043 
1.002 
1.072 
1.012 
0.998 
(T 
1.122 
0.986 
7 
1.167 
1.548 
c1 
1.021 
0.960 
0.982 
1.098 
0.994 
1.084 
July 15, 1966 
August 6, 1966 
0.050 
0.054 
0.046 
-0.046 
-0.080 
0.061 
August 13, 1966 
March 6, 1967 
June26, 1967 
October 3, 1967 
- __ 
0.037 
0.080 
High primary extinction values are often associated with inhomogeneous atmospheric con- 
The high extinction values encountered at ditions, resulting in reduced photometric accuracy. 
the Akron site during the 1967 Summer observations are the probable cause of the greater 
scatter in the data from that observing period. 
Photometric observations of PAGEOS I, Echo I and Echo 11, and Explorer XlX. - There 
were four separate time periods during which multicolor photometric observations were per - 
formed on the various satellites during the present contract. 
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These included 
(1) U-B-V photometric observations performed on Echo I during July and August, 1966, 
at Palomar Mountain, California 
(2) U-B-V-R-I photometric and polarimetric observations were performed on PAGEOS 
I, Echo I and Echo II during January-March, 1967, at Phoenix and Yuma, Arizona 
(3) U-B-V photometric observations were performed on PAGEOS I, Echo I and Echo 11, 
and V-band only observations were performed on Explorer XM during June-July, 
1967, at Akron, Ohio 
(4) U-B-V-R-I photometric observations were performed on PAGEOS I, Echo I and 
Echo II during September-December, 1967, at Akron, Ohio. Optical and physical 
parameters for each satellite will be presented in summary form in the succeeding 
sections. 
A summary description of some of the important optical and physical properties and or -  
bit geometry of the four observed satellites is presented in Table VI. 
Echo I: Photometric observations of the Echo I satellite were performed during each of 
the four observation periods under the present contract. 
Individual passes of Echo I for the four observation periods are as follows: 
I 
II 
m 
IV 
Palomar Mt.,  California; July-August, 1966 
(a) 22 U, B, V observations: 7/17, 7/20, 7/21, 7/22, 7/24, 8/5, 8/6 (l), 8/6 (2), 
8/7 (11, 8/7 (21, 8/9 (11, 8/9 (11, 8/9 (21, 8/10, 8/11, 8/12, 8/13, 8/14, 8/15, 
8/16, 8/18, 8/21 (l), 8/22 
(b) 1 V-band observation: 8/21 (2) 
Yuma, Arizona; February-March, 1967 
(a) 10 U, B, V, R, I observations: 2/16, 2/18, 2/19, 2/20, 2/21, 3/6, 3/7, 3/8, 
3/9, 3/14 
(b) 1 U, B, V observation: 2/22 
(c) 1 V-band (S-20) observation: 3/10 
Akron, Ohio; June-July, 1967 
(a) 1 U, B, V, R, I observation: 6/13 
(b) 8 U, B, V observations: 6/16, 6/20, 6/24 (l), 6/24 (2), 6/26, 6/27 (l), 6/27 (2), 
7/6 
Akron, Ohio; September-December, 1967 
(a) 11 U, B, V, R, I observations: 10/3, 10/4(1), 10/4(2), 10/5 (l), 10/5(2), 
11/6, 11/10, 11/28, 12/5, 12/16, 12/17 
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TABLE VI. - CONST&UCTION AND ORBIT PARAMETERS OF OBSERVED SATELLITES 
I 
Vehicle 
Diameter 
description 
(inside-to-outside) 
I 
Launch date 
Orbital inclina- 
tion 
Normalized height 
Reflectance* 
(Laboratory) 
Weight 
Initially 
Echo I 
100 f t  
1. Mylar - 0 .5  mil 
2. Evaporated alu; 
minum - 2000 A 
thick 
thick 
82 gores 
Polar caps 
August 12, 1960 
47 deg 
1000 st mi 
0.884 
0.896 
0.896 
0.879 
0.885 
157 lbs 
124 lbs 
Echo II 
135 f t  
1. Aluminum foil - 
0.18 mil thick 
2. Mylar - 0.35 mil 
thick 
3. Aluminum foil - 
0.18 mil thick 
4. Alodine 401 -45 
coating 
106 gores 
January 25, 1964 
81 deg 
1000 s t  mi 
0.670 
0.638 
0.718 
0.640 
0.667 
617 lbs 
565 lbs 
PAGEOS I 
100 ft 
1. Mylar - 0.5 mil 
thick 
2. Evaporated alu- 
minum - 2000 A 
thick 
82 gores 
Polar caps 
June 23, 1966 
86 deg 
2640 st mi 
0.884 
0.896 
0.896 
0.879 
0.885 
160 lbs 
130 lhs 
Explorer XIX 
12 ft 
1. Mylar - 0.5  mil  
thick 
2. Aluminum foil - 
0.5 mil thick 
3. Mylar - 0.5 mil 
thick 
4. Aluniinum foil - 
0. 5 pi1 thick 
5. Zinc oxide 
pigmented sili- 
cone elastomer 
paint. 2-inch 
white spots over 
25 percent of 
the surface 
40 gores 
December 19, 1963 
79 deg 
1000 st i n i  
Aluminum foil : 0.  8: 
Zinc oxide = 0 .67  
Combined = 0. HO I 
18.3 lbs 
17.8 lbs 
__ 
4 
Private communication: NASA-Langley to GAC. 
tAfter inflation gas has escaped. 
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(b) 2 U, B, V observations: 9/28, 9/27 
Table M presents 
most reliable) it is evident t 
experienced no clearly 
orbital ages of 3 . 7  and 6 . 9  years. However, the most recent observations, taken at an or -  
bital age of 7 .2  years, indicate a marked (six-percent) drop in  visual-band specu 
a few months, perhaps due n in the sat 
orbital altitude to below 75 mi. T h i s r e c e  specular degradation is be- 
lieved real in view of the high figu meri t  derived for the last specularity determination, 
and the virtually independent and lling evidence for a recent trend toward decreased sur-  
face reflectances, especially at t ter wavelengths. This downward trend in  surface re- 
flsctances (dulling and yellowing) appears to have started after the orbital age of 6 . 0  years, 
when Echo 1's mean orbital height had fallen to about 825 st mi. 
ncreased solar 
While Echo 1's mean radius of curvature has remained quite near the deeign value (50 ft) 
for all observing periods, increased wrinkling of the surface since orbital age 6 . 0  years  is in- 
dicated by the higher values encountered since then for the standard deviation (sigma) of the 
local radii of curvature. 
As an  example of data taken i n  the new spectral regions, Figure 32 shows plots of the 
combined computer pas reduc ion and analysis of the brightness level (4 E/Eo) versus 8/3 
Russell phase function b/3  f($d for the Echo I V(S-1) and R-bands taken during the Autumn, 
1967, observation period at Akron, Ohio. (These are the derived outputs of computer pro- 
grams E-1216 and E-1214.) Plotted also is the best f i t  straight line through the data points. 
As described previously, the slope and intercept calculated from the data points determine 
the specularity of the satellite. The specularities for these series of data points (see Table 
VII) are 89.8 percent for the V (S-1) band and 83.4percent for the R-band. 
PAGEOS I: Multicolor photometric observations were performed on PAGEOS I during 
three observation periods under the present contract. Results are presented in summary 
form in Table Wr. In addition, results from the observation period at Palomar Mountain, 
California, during the summer of 1966 (Contract No. NAS 1-6189, Reference 3)  a r e  pre- 
sented €or comparison purposes. 
Photometric observations of PAGEOS I passes were obtained during three periods as 
follows: 
I Yuma, Arizona; February-March, 1967 
(a) 10 U, B, V, R, I observations: 2/18, 2/19, 2/21, 2/26, 3/1, 3/5, 3/6, 3/7, 
3/8, 3/9 
(b) 1 U, B, V observation: 3/12 
11 Akron, Ohio; June, 1967 
(a) 1 U, B, V, R, I observation: 6/13 
(b) 4 U, B, V observations: 6/16, 6/24, 6/26, 6/27 
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Figure 32. - Specularity of Echo I from Autumn 1967 observations 
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The passes of 6/13 and 6/16 are not included in the combined pass computer analy- 
sis because of poor atmospheric extinction coefficients. 
III Akron, Ohio; September-October, 1967 
(a) 8 U, B, V, R, I observations: 9/26, 9/27 (l), 9/27 (2), 10/2, 10/3 (l), 10/3 (21, 
(b) 1 V, R, I observation: 10/5 
The V, R, I observations of 9/27 (2) and 10/5 were not included in  the combined pass 
computer analysis because of poor atmospheric extinction coefficients. 
10/4 (11, 10/4 (2) 
It is indicated from the data presented in Table MII that the surface of PAGEOS I has 
undergone little-or-no permanent change in  specularity, size, o r  figure since the period of 
thermal stability began in  early August, 1966. The variations i n  these parameters among 
the several observation periods is believed due in part to non-random samples of the photo- 
metric intensities resulting from the satellite's relatively slow spin rate. Some net degrada- 
tion of the reflectances at the shorter wavelengths (B, and particularly U), since 1966 is in- 
dicated, and is believed real and attributable to increased solar activity. 
The results as given in Table Vm are for a combined pass computer analysis, - i. e . ,  all 
data points are utilized for a given t ime period (each spectral region) to obtain definitive val- 
ues of magnitude, radius of curvature, specularity, reflectance, etc., in a single computer 
analysis. Single pass  calculations a r e  also performed to determine the various parameters 
in  the same manner as the combined computer pass analysis. The main value of such calcu- 
lations a r e  in the determination of rapid change in optical and/or physical properties of the 
satellite such as the occurrence of large excursions of radius of curvature for PAGEOS I dur- 
ing first shadow entry in  the summer of 1966, (References 3 and 14). Figure 33 depicts the  
specularity of PAGEOS I for the observation of March 6, 1967. As may be seen, the specu- 
larity for the pass was  97.2 percent, which is very close to that obtained for the combined 
analysis value of 95.0 percent. 
Comparison of Echo I and PAGEOS I satellites: Since Echo I and PAGEOS I a r e  similar 
satellites, it is useful to compare the results from the photometric and polarimetric observa- 
tions. Based on the more accurate visual band photometric information, the mean radius of 
curvature of both satellites continues to remain at o r  very near the design value of 50 ft. While 
PAGEOS 1's surface figure had about the same 10 percent dispersion in local radii of curvature 
in late 1967 as in August 1966, the corresponding dispersion for Echo I increased markedly 
from 10 to 16 percent of the mean radius in this same period as its mean orbital height de- 
creased to 750 st mi. 
The visual-band specularity determinations for these satellites a r e  plotted in Figure 34 
against their respective orbital ages to yield their individual specularity histories, and more 
generally, a single such history for a vapor-deposited aluminum surface in earth-orbit. Fig- 
ure  34 suggests that specular degradation of a few percent may occur within the first half-year 
in orbit, but thereafter at a ra te  not exceeding one-half percent per year while the satellite r e -  
mains above a mean height of 825 st mi (Echo I, mid 1967). At lower mean orbital heights this 
specular degradation rate appears to rise markedly, perhaps to more than 20 percent per year. 
Figure 35 similarly presents the total reflectance histories for Echo I and PAGEOS I as 
determined in the five-color bands. While the variations in the PAGEOS I data are believed 
due in part to non-random data samples r 
some net degradation of the U and B refle ces  is indicated. It should be noted that these 
lting from this satellite's relatively low spin rate, 
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net degradations occurred in  the same real time as those more clearly evident in the Echo I 
data, and may therefore have a common cause such as the increased solar activity in 1967. 
The more pronounced dulling and yellowing of the Echo I surface is likely due to the addition 
of atmospheric effects as the mean orbit height fell below 825 st mi. 
Echo 11: Photometric observations of the Echo 11 satellite were performed during three 
of the observing periods, while polarimetric observations were performed during the observa- 
tion period at Phoenix and Yuma, Arizona. The polarimetric data will be discussed in  a sub- 
sequent section. 
The observation periods and dates in which observations were performed are as follows: 
I 
n 
m 
Yuma, Arizona; February, 1967 
(a) 3 U, B, V, R, I observations: 2/16, 2/18 (l), 2/18 (2) 
(b) 2 U, 3, V observations: 2/12 (l), 2/12 (2) 
Akron, Ohio; June, 1967 
3 U, B, Vobservations: 6/26, 6/27, 6/28 
The pass of 6/28 could not be reduced due to poor weather conditions before and 
after the pass. 
Akron, Ohio; November, 1967 
2 U, 3, V, R, I observations: 11/6, 11/28 
The physical and optical properties a r e  presented in summary in Table IX. 
Laboratory measurements (Reference 16) performed on Echo 11 material (Alodine 401 -45) 
in air indicated that the material was highly diffuse and that the reflectance was in the vicinity 
of 0.60 to 0.70 across  the spectral region (see Table VI). As may be seen from the results 
presented in summary form in Table IX, the specularity values are well above 50 percent. Al- 
though there is a great amount of variance in the values obtained, i t  is evident that change in 
the coating has occurred due to the space environment and that the coating is now non-uniform. 
An interesting comparison may be made of the results obtained for Echo I1 and that of Echo 
I and/or PAGEOS 1; It is to be noted that the mean normalized magnitude for Echo 11 in the V- 
band (or other bands as well) varies significantly whereas one obtains roughly the same average 
value for Echo I or  PAGEOS I consistently. There are several reasons for this phenomenon; 
one might mention, (a) possibly a non-uniform surface; (b) small number of data points obtained 
thus far;  (c) the satellite has a large change in brightness between small and large phase angles, 
etc. 
In summary, it is quite apparent from observations performed thus far that the Echo 11 
satellite surface is fairly inhomogeneous and is quite specular. Many more observations are 
required to obtain what might be termed "average" values for this satellite because of the ap- 
parent inhomogeneity of the surface. 
Explorer XIX: Three photometric pass observations in  the V-band have been performed 
on the Explorer XIX satellite. The dates of the observations and resulting optical and physical 
parameters are presented in  Table X. In  addition a combined pass  computer analysis of all 
data points was performed and is also presented in the table. An important item which should 
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be mentioned concerni 
VRI) polarimetric observations were performed by 
plate o r  Wollaston prism on PAGEOS I, Echo I and 
h of 1962 near Phoenix and Yuma, Arizona. The 
points for the satellites are listed in Table XI. 
Plots of Percent Polarization versus Phase Angle are presented, according to color, for the 
three satellites in Figures 36 through 40 along with a theoretical curve (Reference 17) of polar- 
ization for vapor deposited aluminum. The curve is strictly intended as a comparison only, 
since the optical parameters for the vapor deposited aluminum may not agree with those of 
PAGEOS I and Echo I surfaces, which are made of aluminized Mylar. 
Echo I: Polarimetric measurements of Echo I were made in the U, B, and V bands, using 
the rotating half-wave plate. The percent polarization was determined according to the data re- 
duction equation - and plotted versus the phase angle in Figures 36, 37, and 38. As mentioned 
earlier, the theoretical curve is to be used as a comparison of vapor-deposited aluminum versus 
the observed aluminized Mylar i n  space. 
The data points in Figures 37 and 38 extend as far as 154 degrees phase angle for B and 
V-bands. These points i n  all three bands follow the general shape of the theoretical curve; how- 
ever, they are systematically higher as one goes from V to B to U-band. This could possibly 
be explained as degradation in  the various spectral regions; however, a more realistic explana- 
tion is that there is a difference in the design optical properties between the theoretical curve 
and the Echo I aluminized Mylar surface. 
PAGEOS I: Polarimetric measurements of PAGEOS I were made in the U, B, V, R, and 
I bands using the rotating instrument head and half-wave plate. The percent polarization versus 
the phase angle for each color is plotted in Figure 36 through 40. These values appear sys- 
tematically higher than the theoretical curve for vapor -deposited aluminum and are slightly 
higher than the values for Echo I i n  the U, B, and V bands. A s  for Echo I, any variation be- 
tween the actual percent polarization values and those calculated for PAGEOS I are probably 
due to the design optical properties rather than actually showing degradation. 
possibly indicates a non- 
hand, laboratory polarimetric 
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TABLE XI. - POLARIMETRIC OBSERVATIONS 
Echo I 
Echo 11 
PAGEOS I 
1 
1 
2 
- 
- 
- 
- 
- 
9 
15 
11 
- 
2 
6 
2 
9 
7 
Echo If 
Half -Wav 
1 
3 
- 
8 
6 
8 
10 
7 
- 
- 
- 
11 
2 
8 
3 
8 
9 
2 
Rotating Instrument Head 
J I I 1 313 
3 -5 
1-31 
2 -2 
2 -2 
2-3 
2 -3 
2-5 
2-5 
2-8 ' 
. 2-17 
2 -22 
2-27 
3-10 ' 
3-11 
2nd 
1 st 
2 nd 
1 st 
2 nd 
1 st 
2 nd 
- 
- 
- 
- 
- 
- 
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measurements in vacuum have not as yet been performed and thus comparisons of laboratory 
measurements of Alodine material and polarimetric observations of Echo DI are not necessar- 
ily valid. 
Parameter 
Average deviation for a single 
observation (mag.) 
Accuracy of Results 
- To aid in the determination of the accuracy 
tral regions, a number of independent obser- of the 
vations were performed on the standard stars which are used in determining the primary ex- 
tinction coefficients. Calculations of stellar magnitude and color indices are then performed 
and the values compared with those presented in Reference 6. 
observations in each spectral region taken at Palomar Mountain, California, during July-August, 
1966, i n  the UBV spectral regions. The average air m a s s  of the observations was 1.5. 
Table XII presents data for 306 
Spectral region 
V B-V U-B 
0.035 0.032 0.040 
TABLE XII .  - ACCURACY OF STANDARD STAR OBSERVATIONS 
AT PALOMAR 
Standard deviation for a single 
observation (mag.) 
Average deviation for a single 
observation at 1.0 air mass  
(mag.) 
0.041 0.039 0.048 
0.023 0.021 0.027 
Probable e r r o r  for a single 
observation at 1.0 air m a s s  
(mag.) 0.018 0.018 0.022 
A similar series of observations and calculations were performed for the new U-B-V-R-I 
photometric system during the observation period at Yuma, Arizona. For these determinations, 
200 observations on 37 F-G-K spectral class standard stars were performed in each color. 
These data are presented in Table Xm. The average air masses  for the spectral regions were 
as follows: UBV, 1.51; and VRI, 1.57. Since the above measurements provided data relative 
to the accuracies of both the original U, B, V and the new U, B, V, R, I photometric systems, 
no new data of this type was required to be taken in Akron for this purpose. 
It is quite evident that the low values of average deviation, standard deviation, and prob- 
able e r r o r  indicate a system which is operating properly with a law noise level, as well as good 
local weather conditions. The values shown here are t rue indicators of the accuracy level of 
the extra-atmospheric magnitudes of the various satellites. 
The average deviation (A.D.) for observations at the zenith (1.0 air mass) is found by, 
- A.D. (obs.) - 
A* D* zenith see Z 
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TABLE WI. - ACCURACY OF STANDARD STAR OBSERVATIONS AT YUMA 
, .  
Parameter 
Average deviation for a single 
observation (mag.) 
Standard deviation for a single 
observation (mag.) 
Average deviation 
observation at 1.0 air mass 
(mag.) 
Probable e r ro r  for a single 
observation at 1 . 0  air mass  
(mag.) 
Spectral region 
V(S-20) B-V U-B V(S-1) V-R R-I 
0.024 0.027 0.038 0.029 0.030 0.035 
0.036 0.038 0.048 0.040 0.042 0.050 
0.016 0.018 0.025 0.018 0.019 0.022 
0.016 0.017 0.021 0.017 0.018 0.022 
- 0.6745 u 
P.E'zenith see Z 
Satellite data accuracy. - The target accuracies for the multicolor photometric observa- 
tions of the various satellites were as follows: 
(1) Satellite magnitudes s *O. 02 
(2) Specularity d *YO 
(3) Satellite mean radius s io. 7 f t  
(4) Reflectance s -+2% 
A series of calculations of probable e r ro r  values were performed for each observation 
The values of the probable e r r o r s  for the four satellites, determined in accordance with 
the theory discussed in Reference 3, are presented in Tables XIV through XVII. The probable 
e r r o r s  as presented here represent values determined from the mean value of all data p i n t s  
grouped together from each observation period. 
period, each satellite, and each color for the above parameters. 
It is believed that the relatively high probable e r r o r s  for  the Echo II satellite are due to; 
(1) the effect of the small number of data points and passes, and (2) a slow rotation ra te  which 
results in a less homogeneous set of data to legitimately represent the entire surface. 
For the other satellites the probable e r ro r  values, with few exceptions, a r e  within the 
accuracy objectives, 
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TABLE XV. - PROBABLE ERROR OF PAGEOS I RESULTS 
Summer, 1967 
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TABLE XVI.  - PROBABLE ERROR OF ECHO II RESULTS 
Observation 
period 
Yuma, Arizona 
Winter, 1967 
Spectral Radius of cur- 
region vature (ft) 
V (S-20) *O. 95 
U *l. 38 
B A. 33 
v (S-1) *l. 56 
R A. 40 
I *I. 23 
*O. 85 
*l. 86 
*l * 02 
*4.13 
*4.00 
*3.43 
Specularity 
(per cent) 
Reflectance 
(percent) 
Akron, Ohio 
Summer, 1967 
Akron, Ohio 
Autumn, 1967 
Stellar 
magnitudes 
*O. 030 
*O. 040 
*U. 043 
*to. 039 
*O. 050 
10.040 
*O. 028 
*O. 040 
*O. 040 
*O. 049 
*O. 066 
*O. 040 
*O. 050 
io. 046 
*O. 648 
v (5-20) *O. 65 *O. 84 *2.4 
U *1.21 *l. 52 *5.0 
B *l. 29 *l. 47 *4.9 
v (s-20) *O. 67 *O. 71 *2.8 
U *O. 66 *O. 65 *3.6 
B *o. 53 *O. 65 k2.3 
v (S-1) *O. 70 *O. 70 k2.9 
R fO. 77 *O. 83 k2.9 
I *O. 58 *o. 53 *2.5 
TABLE X M .  - PROBABLE ERROR OF EXPLORER XIX RESULTS 
Observation Spectral Radius of cur - Specularity Reflectance 
period region vature (ft) (percent) (percent) 
Akron, Ohio v (S-20) *O. 02 *o* 09 *O. 8 
Summer, 1967 
Stellar 
magnitudes 
*O. 008 
, 
Polarimetric results. - There are two types of e r r o r s  calculated in the polarimetric pro- 
grams: 
(1) The standard e r ro r  of estimate 
(2) The percent probable e r r o r  of the percent polarization 
The standard e r ro r  of estimate of F on p for the quadratic f i t  
2 F = Z1 + Z2/3 + Z3/3 
. ,  
where F ( p )  is used to eliminate a systematic bias in  the data' 
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where 
2 F = Z1 + Z2P + Z3p 
fi 
p = the  position of the half-wave plate o r  Wollaston prism 
= the data points ratios 11/12 
n = number of data point ratios 
The values of the standard e r r o r  of estimate were used only as a comparison for a large 
number of zero polarized s tars ,  since the quadratic equation is not a theoretical fit. The av- 
erage value for the standard e r r o r  of estimate is approximately 2 percent. 
The percent probable e r r o r  of P, where P is the determined percent of polarization 
(23) 0.6745 D S X P  P.E.% = 
where 
s = (Xi - o2 
i 
D = C(Yi  - si) 2 
k = 2 for Wollaston pr ism 
k = 4 for half-wave plate 
Yi = theoretical value of (I, - 12)/(11 i- Iz) at position i of 
either the Wollaston prism o r  half-wave plate position 
s. = the ratio of data points [(Il - 12)/(11 + 12)] at position i 
i 1 
The probable e r ro r  is calculated for each polarimetric data point. Since the percent po- 
larization increases as a function of phase angle, it would appear that the probable e r ro r  for 
percent polarization values at high phase -Xes would be much larger than for those at low 
phase angles. However, when calculations of the probable e r r o r  were performed, it was 
found that this is not necessarily the case. This phenomenon is probably due to the record- 
ing*of the orthogonal intensity components 11 and 12 separately as opposed to electronically 
summing an? differing the two components. The e r r o r  in recording of these intensities 
(1-2%) is far more significant at low phase angles where the difference in the two intensi- 
ties is small. 
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Probable e r r o r s  of percent polarization for each data point have been determined and 
average values calculated for each spectral region for the Echo I, Echo II, and PAGEOS I 
satellites. The average values are presented in  Table Xvm. 
The average probable e r r o r s  show a tendency to increase with decreasing wavelengths. 
This may be the result of surface degradation or a decrease in achromaticity of the half-wave 
plate in the U- and B-band spectral regions. 
Satellite 
Echo I 
Echo Ii 
PAGEOS I 
TABLE XITIII. - AVERAGE VALUES OF PROBABLE ERROR OF PERCENT POLARIZATION 
Spectral region 
U B V R I Parameter 
Probable e r ro r  of percent 
polarization (average) *1.9'7 *1.09 kO.87 
No. of data points 5 4 4 
Probable e r ror  of percent 
polarization (average) *0.74 *1.22 *0.80 
No. of data points 3 34 50 
Probable e r ror  of percent 
polarization (average) *1.41 *0.66 *0.51 *0.37 *O. 82 
No. of data points 31 31 39 5 5 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
In accordance with the results presented and discussed above, we may conclude: 
(1) The following mean diameters (twice the mean radii of curvature) are inferred from 
the best-calibrated (visual band) photometric data: 
Mean Probable 
Satellite diameter e r ror  
tft) (ft) 
Echo I 100.0 fO. 6 
PAGEOS I 100.0 4 . 5  
Echo It 135.0 6 . 5  
Explorer XIX 12.0 *O. 04 
Note that these values are the same as the design diameters in each case, and there- 
fore none of the above inflatable satellites has measurably degraded in size. 
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Apparent smoothing and other indicated anomalies of the Echo II satellite are be- 
lieved unreal, and actually are probably aspect effects resulting from the quite 
limited sample of observations for such a virtually non-rotating satellite. Some 
change in the Echo 11 original Alodine coating is suggested by the repeatedly higher 
than expected specularity determinations (greater than 50 percent), but the con- 
tinued presence of some Alodine is indicated by the polarimetric observations. 
Computer analysis of separately-reduced "troughs" and "crests" on a single Ex- 
plorer XM: intensity trace resulted in  near zero and near one-hundred percent 
specularity determinations, respectively. Evidently these results represent a 
successful photometric discrimination between the diffuse white paint (in two-inch 
diameter polka-dots) and the specular bare  aluminum foil. The overall specularity 
determination for this fast-spinning satellite of 81.4 percent is reasonable in view 
of the fact that about one-fourth of Explorer XM's surface was covered by the two- 
inch polka-dots. 
The new U-B-V-R-I photometric and polarimetric instrumentation for NASA's 
mobile observatory has been demonstrated to perform in a highly satisfactory 
and accurate manner. The major limitation encountered was in frequency re- 
sponse due to the method in which photometric data was  being recorded. 
Recommendations 
ions 
o II, considerably more photometric 
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le8 i n  order  to obtain mo 
f curvature and reflectan 
s include data a 
ests associated 
to the telescope complex for increased observer accessibility and efficiency. (Two 
such instruments were obtained and used on a s h o e  loan basis with proven value.) 
(8) That instru ntation refinements be incorporated, as follows: 
(a) Provision for recording the electronic difference and sum of the orthogonal in- 
tensities during polarimetric measurements 
(b) Addition of indicators for gain positions of A integrator RC and B integrator RC 
(c) Addition of a switch to link A integrator RC and B integrator RC together, when 
desired 
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